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Abstract

Overwintering peat fires are increasingly reported in the boreal regions, where they persist
underground through winter and reignite in spring, intensifying greenhouse gas emissions
and landscape degradation. This study investigates the conditions that enable peat fires to
survive freezing and snow cover, and presents practical methods for their winter detection
and suppression. We combined satellite data, UAV-based thermal imaging, time-lapse
photography, and ground measurements of temperature, groundwater depth, and peat
moisture to identify active overwintering hotspots. Our results show that these fires persist
primarily where groundwater levels remain below 60 cm, particularly under tree roots,
compacted soil, or elevated terrain that limits moisture recharge. UAV thermal imaging
proved the most reliable detection tool, identifying 98% of hotspots. We developed and
successfully applied a winter extinguishing method that involves mechanical disruption
and dispersion of smoldering peat over frozen ground, allowing rapid cooling without
re-ignition. These findings clarify the mechanisms sustaining overwintering fires and
provide an effective approach for their mitigation, contributing to reduced emissions and
improved management of boreal peatlands vulnerable to climate change.

Keywords: peat fire; zombie fire; overwintering fire; Sentinel-2 satellite images; UAV;
thermal imaging; groundwater level; peat moisture; thermometer probes; winter
extinguishing methods

1. Introduction
Peatlands are ecosystems that have a naturally accumulated layer of peat at the surface,

which comprises dead and partially decomposed plant material situated in waterlogged,
oxygen-limited conditions [1,2]. Peatlands cover 500–580 million ha globally [3], with
almost half located in boreal, temperate, and Arctic areas of the Northern Hemisphere [4].
Intact peatlands are long-term carbon sinks, with estimates of around 500 Pg C sequestered
in northern peatlands [5,6]. Although they are also sources of methane emissions, northern
peatlands have historically had a net cooling effect [7], although a recent study suggests
that the Arctic–Boreal zone has become CO2-neutral [8]. Peatland degradation through
drainage or land conversion contributes to around 4% of global anthropogenic emissions [3].
In addition, peat fires can rapidly release large carbon stocks to the atmosphere [9], a risk
that is increasing under climate change due to declining water tables and more frequent
fire activities [10,11]. For example, 44% of the burned area in the Siberian Arctic over the
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period 1982–2020 occurred in the last two years of this period, with 2020 being one of the
warmest on record [12]. Modeling studies further project increasing fire frequency and
intensity in boreal regions [13,14].

Wildfires are generally classified as flaming and smoldering, the latter characterized by
slow, flameless, burning at low temperatures and occurring in peat soils [15]. Smoldering
peat fires can persist underground throughout the winter period and re-ignite again in the
spring; these are commonly referred to as overwintering or ‘zombie fires’ [16–18]. Originat-
ing from standard wildfires in spring, summer or fall in northern latitudes, overwintering
fires create a continuous burning process in ecosystems that are crucial for climate preser-
vation, including permafrost regions that can subsequently thaw [19], releasing carbon
accumulated over millennia from peatlands and carbon-rich soils [17,20]. These wildfires
can also pose significant threats to human health and infrastructure [21,22] and degrade
valuable landscapes [23].

Despite increasing attention, large uncertainties remain due to a lack of data on peat
fires, especially those that overwinter. Existing models address some of the complex tipping
behaviors, persistence, feedback loops and ‘domino effects’ associated with overwintering
fires, showing that accelerated warming and extremes can push peat/soil carbon sys-
tems into a metastable, smoldering-permissive state via “rate-induced tipping,” helping
explain spring reappearance without an obvious new ignition [24]. Yet significant gaps
still remain in understanding their underlying mechanisms, conditions and drivers. In
particular, limited field data exists on the development of these fires such as burn depths,
soil moisture, groundwater levels and greenhouse gas (GHG) emissions [16,17,20] as well
as the drivers that allow them to persist through the winter period [17]. For example,
overwintering fires have been linked to exceptionally hot summers, which enable deeper
organic-layer combustion, emphasizing the carbon significance of boreal soils and the need
for early warning systems [17], and to low fuel moisture content in peat [25]. In another
study, seasonal climate sequences—dry summers followed by mild winters—have been
identified as elevating overwintering risk, highlighting the need to undertake seasonal
monitoring [16]. Warming and declining water tables have also been found to increase
peatland susceptibility to prolonged burning and overwintering persistence, arguing for
the need for more adaptive management [20].

Another key area of research is in the detection of overwintering peat fires for enabling
their timely suppression [17]. These fires often occur in remote areas with limited monitor-
ing, and available fire services are typically insufficient to identify persistent smoldering
hotspots. Remote sensing approaches are useful but remain limited, as overwintering fires
are often small in size, low in intensity, and obstructed by cloud cover or snow [11]. A
recent study demonstrated that overwintering fires could be predicted both in space and
time using the locations of fires detected during the previous fire season with remotely
sensed data. The main drivers identified were extreme summer temperatures, large burned
areas in the previous season, and deep peat burning [17], although additional drivers were
significant in NWT but not in Alaska, revealing the complexity of the processes controlling
these fires. In another study, Selman [26] focused on operational detection, combining
multispectral satellite data (e.g., VIIRS with SMAP) to overcome limitations posed by cloud
cover and frozen soils. The author emphasizes the importance of improving remote sensing
capabilities to identify these fires, which are difficult to detect due to the insulative proper-
ties of snow cover. This study is particularly relevant for fire management and mitigation
efforts in remote boreal and Arctic regions, providing practical tools for early detection.

There is also a need for more robust fire management practices in the Arctic as high-
lighted in [11], including how to extinguish overwintering peat fires, yet this task is
complicated not only by the difficulty in detecting these fires but also by the ineffectiveness
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of traditional fire suppression techniques in winter [27]. In Russia, the standard method
involves thoroughly mixing burning peat with water, which requires about 1 ton of water
per m2 of the peat fire surface [28]. However, in winter, this method proves challenging as
fire hoses freeze and cannot be reused until thawed, pumps may fail due to freezing, and
personnel can only endure such conditions for limited periods [29]. Moreover, participants
have noted the unreliability of this approach in the winter because snow conceals the true
fire boundary, water freezes on the ground and obstructs access to deeper layers, and
the ice layer formed over the fire acts as additional insulation, allowing the fire hotspot
to retain heat and potentially reignite as it gradually warms and dries the surrounding
peat [29,30]. By investigating the development of overwintering fires in real field condi-
tions, we have found differences between the behavior of fire in the field versus laboratory
settings. In field conditions and at larger spatial scales, the snow does not melt, unlike in
laboratory experiments, where it fully melts over small hotspots and suppresses them with
meltwater. Instead, the snow provides thermal insulation and protects hotspots from cold
temperatures and precipitation.

Experiments with submerging hotspot zones by raising water levels in drainage
channels and streams have shown promise [31]. When damming efforts are successful in
late summer, autumn precipitation allows enough water to accumulate to submerge the
hotspots or raise the groundwater level sufficiently to inhibit hotspot activity. In beaver
habitats, dams built by beavers are often ideally situated. These dams have been used for
suppression by reinforcing them or slightly raising their height with soil or sandbags [32].
Unfortunately, this method cannot be universally applied, as water shortages can be so
severe that even autumn rains fail to raise the water levels in drainage channels and streams.
Additionally, many overwintering hotspots are beyond the potential reach of flooding,
typically found on high bog banks at the forest’s edge, on elevated ground, embankments,
or former peat storage sites from past peat extraction [33]. These hotspots can survive any
water level rise and may produce open flames in the spring as soon as grass and forest litter
dry out. Flooding for extinguishment during spring is also possible, as snowmelt raises the
water levels in channels and streams [34]. However, leaving hotspots until spring is highly
risky, as there is no guarantee that spring water levels will be sufficient, even with dams to
retain water. Additionally, access to bog areas in spring is challenging, particularly when
flood control measures are in place. Here we present a different approach to peatland fire
suppression in the winter that has proven more effective than previous approaches.

Overall, these studies highlight the complexity of overwintering peat fires and the
need for enhanced detection, understanding of the drivers, and more effective suppression
strategies. The aim of this paper is to address three of these key themes: (i) the need to
improve methods of identification of overwintering fires in boreal forests as highlighted
in [20], employing a combination of remotely sensed and field data collection to detect fires
in the Sverdlovsk region during the winters of 2022/2023 and 2023/2024; (ii) the need to
understand more about the main drivers of overwintering fires as highlighted in [17] using
data collected in the field, and what conditions enable overwintering fires to survive; and
(iii) the need for more effective techniques for extinguishing peatland fires for more robust
management practices as highlighted in [11], which we have developed and validated. The
results of this study have implications for reduced greenhouse gas emissions and improved
fire management practices.

2. Materials and Methods
2.1. Overview of Methodological Framework

This study applied an integrated, multi-scale approach to detect, validate, and sup-
press overwintering peat fires. The methodology combined satellite remote sensing, aerial
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thermal surveys using unmanned aerial vehicles (UAVs), and ground-based field investi-
gations. These complementary methods enabled the identification of overwintering fire
hotspots, assessment of their environmental controls, and evaluation of the suppression
effectiveness under winter conditions.

The overall workflow is illustrated in Figure 1. Satellite observations were first used
to identify potential overwintering fire locations based on thermal anomalies and changes
in fire boundaries over time. These locations were subsequently verified using UAV-based
thermal imaging and ground surveys to detect subsurface smoldering hotspots. Environ-
mental conditions, including peat moisture, groundwater levels, and peat structure, were
measured to characterize factors influencing fire persistence. Finally, suppression methods
were applied and evaluated based on their effectiveness in extinguishing smoldering peat
under frozen conditions.

 
Figure 1. Methodological workflow integrating satellite analysis, UAV-based thermal detection,
ground surveys, and suppression monitoring used to detect, validate, and extinguish overwintering
peat fires.

2.2. Detection of Overwintering Peat Fires with Satellite Imagery

We compiled information on more than 45 active overwintering peat fires in the
Sverdlovsk region during the winters of 2022/2023 and 2023/2024 (Figure 2). The dataset
included geographic coordinates of smoldering hotspots, field observations from fire
suppression teams, photographs, and records from regional firefighting services (detection
date, area affected, suppression measures). Fire boundaries were determined through visual
interpretation of multispectral Landsat imagery (Landsat-8 and Landsat-9 Operational Land
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Imager, OLI), accessed through the Sentinel-Hub platform (https://www.sentinel-hub.com,
Sinergise Ltd., Ljubljana, Slovenia). Image interpretation was performed at mapping scales
ranging from 1:10,000 to 1:50,000 using. Burned areas and potential overwintering fire
locations were identified based on persistent thermal and surface anomalies, including
darker burn scars, exposed peat surfaces, localized snow melt, and subtle smoke or heat-
related discoloration visible in multispectral imagery.

 

Figure 2. Locations (see Table S1) of overwintering fires detected during the 2022–2024 winter season
in the south of Sverdlovsk region (lat 56–58, lon 57–65).

Two spectral band combinations were used to enhance visual detection of burned
areas and smoldering peat zones: 11-8-2 and 4-3-2. The 11-8-2 combination (shortwave
infrared–near-infrared–blue) enhances burned surfaces and areas with reduced vegetation
moisture, as peat combustion alters soil moisture and surface reflectance in the SWIR region.
The 4-3-2 combination (red–green–blue) provides a natural-color visualization that helps
identify burn scars, vegetation damage, and surface disturbances associated with peat fires.

These composites were interpreted concurrently, with the 11-8-2 combination used
to enhance burned and moisture-related anomalies and the 4-3-2 combination used for
natural-color verification of identified features. Together, these complementary composites
enabled the identification of burn scars from the previous fire season and the detection of
areas where smoldering persisted during winter.

The remote sensing analysis followed the general approach of identifying potential
overwintering fires based on locations of previous-season fires and persistent burn scars, as
described in Scholten et al. [17], but here it was applied using higher-resolution Landsat
imagery and supported by available ground observations.
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To assess the transferability of our overwintering fire detection methodology in areas
where precise ground data were limited or unavailable, we applied the spectral and spatial
patterns identified in the Sverdlovsk region to additional regions. Specifically, we examined
fires in the Kostroma and Omsk regions, as well as previously undocumented fires within
the Sverdlovsk region. For initial fire selection, we relied on thermal hotspot detections from
MODIS and VIIRS satellite sensors, which provide daily observations at spatial resolutions
of approximately 375–1000 m and are commonly used for large-scale fire monitoring. These
datasets were used only for initial screening and identification of potential fire locations.
Because of their coarse spatial resolution, the detected hotspots were subsequently verified
using higher-resolution satellite imagery.

Candidate sites were further analyzed using Sentinel-2 multispectral imagery (10–20 m
spatial resolution) and Landsat imagery (30 m resolution). Burned areas and potential
overwintering fire locations were identified through visual interpretation of spectral com-
posites and surface anomalies, using criteria similar to those applied for Landsat imagery,
including burn scars, exposed peat surfaces, localized snow melt, and vegetation damage
associated with peat combustion. Sentinel-2 imagery allowed more precise delineation
of burn boundaries and detection of small, burned patches that could not be resolved in
MODIS or VIIRS data.

Thermal hotspots were cross-referenced with peatland boundaries using an automated
web tool developed by the NGO Wildfire Prevention Center (https://peatfires.nextgis.com),
which integrates hotspot data with mapped peatland boundaries (Figure 3). In addition,
hotspots located on undrained peatlands in regions affected by unusual droughts were
manually assessed.

 

Figure 3. MODIS thermal hotspots 2002–2024 within drained peatland polygons (https://peatfires.
nextgis.com, accessed on 1 February 2026). Dots of different colors represent hotspots from differ-
ent years.

To support burned area detection, we also used a machine learning tool devel-
oped by the NGO “The Earth Touches Everyone”, which automatically maps burned
areas from Sentinel-2 imagery using a model trained on a large dataset of manually de-
lineated fire boundaries (https://maps.earthtouches.me/maps/fires_ml/, accessed on
1 February 2026). The outputs from this tool were visually verified and compared with
manually interpreted satellite imagery of known fire events. Based on this combined
analysis, candidate overwintering fire sites were selected for further investigation and
field verification.
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For testing our peat fire detection method, we chose suspected overwintering fires
in the Omsk region (Siberia), the Kostroma region (European Russia), and the Sverdlovsk
region (Ural). In all cases, we found active peat smoldering sites within 500 m of the
locations identified by the satellite images (with altered fire boundaries). We cannot
confirm whether this method detects all overwintering fires or specific peat smoldering
hotspots. However, the observed indicators (i.e., altered boundaries of autumn peat fires
under drought conditions) can help to identify probable overwintering fire areas for further
verification using aerial thermal imaging equipment.

2.3. Detection of Overwintering Fires with Manned and Unmanned Aerial Vehicles (UAV)s and
Thermal Cameras

We conducted aerial thermal surveys to determine if smoldering hotspots remained
in areas where satellite images had shown fire boundary changes in late autumn and
early winter of 2022–2024. We used two unmanned aerial vehicles (UAVs) platforms
(multicopters) and fixed-wing manned aircraft (AN-2) equipped with thermal cameras to
map fire hotspots. The specifications of the UAVs are provided in Table 1. Note that all
UAV operations were conducted in accordance with Russian UAV regulations and with
appropriate flight permissions for the survey areas. In the case of the AN-2 aircraft, a
UAV-mounted camera was installed in a hatch on the floor to capture nadir images.

Table 1. Specifications of UAV platforms and thermal cameras.

Specification

Unmanned Aerial Vehicles (UAVs)

DJI Mavic 3 Enterprise Thermal
(Mavic 3T); SZ DJI Technology Co.,
Ltd., Shenzhen, China

DJI Matrice 300 RTK with Zenmuse
H20T; SZ DJI Technology Co., Ltd.,
Shenzhen, China

Platform Quadcopter, 920 g takeoff mass, max
flight time 45 min (no wind)

Professional-grade Quadcopter with
IP44 rating, RTK positioning
(cm-level accuracy)

Maximum flight time 45 min (no payload), operating
temperature −10 to +40 ◦C

55 min (no payload), operating
temperature −20 to +50 ◦C

Thermal camera 640 × 512 pixel uncooled VOx
microbolometer

640 × 512 pixel uncooled
microbolometer

Spectral range 8–14 µm (LWIR) 8–14 µm

Temperature range −20 ◦C to +150 ◦C (low gain), up to
+500 ◦C (high gain) −40 ◦C to +550 ◦C

Thermal sensitivity (NETD) ≤50 mK @ f/1.0 ≤50 mK

Field of view 61◦ DFOV, equivalent focal length
40 mm 40.6◦ DFOV, focal length 13.5 mm

Frame rate 30 Hz 30 Hz

Integrated RGB camera 48 MP, 4/3 CMOS sensor 20 MP, 1/1.7” CMOS sensor

Integrated laser rangefinder - up to 1200 m range

Zoom RGB camera 56× hybrid zoom 200× hybrid zoom

For systematic hotspot surveys, UAV flights were conducted in automated grid pat-
terns with the following parameters:

• Flight altitude: 50–300 m above ground level (AGL), adjusted based on survey area
size and required ground sampling distance (GSD).

• Typical GSD: 8–15 cm/pixel for thermal imagery.
• Flight speed: 3–5 m/s.
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• Image overlap: 80% forward (longitudinal), 60% lateral (side), to ensure complete
coverage and enable ortho-mosaic generation.

• Thermal detection threshold: Objects with surface temperature >0 ◦C above ambient
background were flagged for analysis.

• Flight timing: Surveys were conducted during the coldest periods (early morn-
ings or evenings) to maximize the thermal contrast between hotspots and snow-
covered surroundings.

To ensure reliable hotspot detection, we used automatic flights with at least 30–40%
overlap of the visual and thermal camera fields of view. Under these conditions and at a
flight altitude that provides an image resolution of around 10 cm per pixel or better (up
to 300 m for most UAVs), this method allowed for the smoldering hotspots to be detected.
For multi-hotspot fires, we used DJI Terra (version 4.0; SZ DJI Technology Co., Ltd., Shen-
zhen, China) and Agisoft Metashape Professional Edition (version 2.2.1; Agisoft LLC, St.
Petersburg, Russia) software to process the thermal images, and we then generated thermal
orthophoto maps to map the smoldering hotspots. The final product for firefighting teams
included the identified hotspot contours overlaid on the orthophoto maps (created from
visual imagery).

2.4. Ground Surveys and Data Collection

During field surveys, we used two handheld thermal devices: (i) Doogee S20V Pro
smartphone with an integrated thermal imaging module (256 × 192 thermal sensor, spectral
range 8–14 µm, temperature range −15 ◦C to +550 ◦C, thermal sensitivity <50 mK; Doogee,
Shenzhen, China) operating with the default specifications from the manufacturer; and
(ii) Seek Thermal Compact Pro, attached to an Android smartphone (Seek Thermal Inc.,
Santa Barbara, CA, USA), with the following specifications:

• Sensor: 320 × 240 pixel thermal array;
• Spectral range: 7.2–13 µm;
• Temperature range: −40 ◦C to +330 ◦C;
• Thermal sensitivity: <70 mK;
• Field of view: 32◦;
• Detection range: Up to 550 m for human-sized heat sources;
• Interface: USB-C smartphone attachment (Android).

Surface temperature measurements were additionally obtained using infrared pyrom-
eters (Fluke 62 Max+; Fluke Corporation, Everett, WA, USA; spectral response 8–14 µm,
temperature range −30 ◦C to +650 ◦C, accuracy ±1.5 ◦C). Ground temperature within smol-
dering hotspots was measured using custom stainless-steel thermometer probes (length
1.5–2 m) equipped with K-type thermocouples (measurement range −50 ◦C to +800 ◦C,
accuracy ±1 ◦C) connected to handheld digital readers. Positioning and elevation measure-
ments were obtained using high-precision GNSS receivers (PrinCe i50; Shanghai Huace
Navigation Technology Ltd., Shanghai, China), multi-constellation RTK/PPK capable
systems, horizontal accuracy ±2–3 cm and vertical accuracy ±3–5 cm when corrected)
operating with a local ground-based correction station using differential GNSS (DGPS)
post-processed kinematic (PPK) correction.

During field investigations, we measured several environmental and fire-related vari-
ables, including hotspot temperature, hotspot depth, peat moisture content, groundwater
level, snowpack depth, burn scar boundaries, and terrain characteristics.

On active overwintering peat fires, approximately 60 days before the planned extin-
guishment, we installed trail cameras (Reconyx HyperFire series; Reconyx, Inc., Holmen,
WI, USA) that captured hourly images and triggered additional photos upon detecting
movement or changes in the frame. These cameras were equipped with built-in ther-
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mometers to record air temperature. This setup allowed us to assess the rate of fire edge
progression, document events such as trees falling due to burned roots, and correlate the
fire edge progression rate and hotspot activity with snowfall and snowpack depth.

For typical multi-hotspot overwintering peat fires in the Ural, Siberia, the Russian
Far East, and European Russia, ground survey data were collected during suppression
efforts and, where possible, through targeted field investigations. In total, approximately
70 overwintering peat fire locations were documented. Some of these locations consisted of
multiple spatially isolated smoldering hotspots, making it difficult to determine whether
they represented independent fires or separate manifestations of a single parent fire.

Detailed field measurements suitable for quantitative analysis were conducted at
47 sites, where systematic observations of fire characteristics were possible. At additional
sites, data collection was limited to operational firefighting observations, photographs, and
incident reports, due to logistical constraints and the primary focus on suppression rather
than scientific investigation. In some cases, information was reconstructed retrospectively
from archived firefighting documentation. Despite variability in data completeness, these
records provide valuable insight into the occurrence and characteristics of overwintering
peat fires across multiple regions.

Smoldering hotspots were also examined during periodic visits by our team, using
handheld thermal cameras and pyrometers. Temperature within, near, and beneath the
hotspots was measured with thermometer probes specifically designed for peat. These
probes were made of stainless steel, 1.5 to 2 m long, with a thermocouple at the tip and
a small display on the handle. Groundwater levels near the hotspots were determined
through drilled monitoring wells, while peat moisture and other characteristics were
assessed from soil samples collected at the fire sites.

Soil samples were collected both from pits dug manually with shovels and using
specialized peat augers designed by the East European Peat Institute (Tver, Russia). In
some cases, to better understand the internal structure of hotspots and create large cross-
sections through deep smoldering zones, motorized soil cutters (georippers with bar-chain
blades) were used.

Peat moisture content was measured using two methods. Preliminary measurements
were obtained using portable electronic moisture meters, although these proved to have
limited accuracy under large temperature fluctuations. Final moisture values were therefore
determined using the standard gravimetric method accepted in Russian soil analysis. Peat
samples were weighed in the field, transported to the laboratory, dried at 95 ◦C until
constant mass, and reweighed to calculate the evaporated water mass.

For all elevation measurements, including soil surface profiling, snowpack depth,
hotspot depth, and water levels in drainage channels, high-precision GNSS measurements
with a ground-based correction station were used.

2.5. A New Method for Extinguishing Overwintering Fires in the Winter

Based on our experiences with fire suppression in laboratory versus field settings, we
have developed a fundamentally different suppression approach, both thermodynamically
and operationally [35–37]. Instead of cooling through infiltrating meltwater, suppression
is achieved by increasing the contact area with other cold agents—namely air and snow.
The core of this method is to dismantle the hotspot by scattering smoldering peat and hot
ash over the surrounding frozen ground and snow. Contact with oxygen causes the hottest
particles to burn quickly with open flames, while cooler particles are extinguished by the
cold air.

Most extinguishment operations were carried out using two B10-M and B10-MB
bulldozers (swamp bulldozers with wide tracks; Chelyabinsk Tractor Plant, Chelyabinsk,
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Russia) to spread the material until cooled. For peat mounds and similar elevated fires,
excavators on tracks were also used. The use of multiple heavy machines simultaneously is
crucial on low-load-bearing soils, where the risk of becoming stuck is high. Paired machines
mitigate this risk and facilitate the retrieval of any stalled or broken equipment from the
hazard zone. The method operates as follows:

• Step 1: When trees are present, uproot them within a 3–5 m radius of the smoldering
hotspot using bulldozers. The trees are then pushed onto the already burned area with
their burning roots exposed, and laid onto frozen, snow-covered ground.

• Step 2: Distribute the smoldering soil from the hotspot on the ground. Care must
be taken to ensure that the thickness of the removed burning peat does not exceed
0.5 m, and that it is evenly spread over snow or frozen ground, with no large clumps.
The material must be spread in a thin (10–20 cm) layer to ensure it cools within a few
hours without creating new hotspots. The entire hotspot (all heated material) must be
removed down to the non-burning layer of peat or the underlying mineral soil. It is
important to note that this process significantly increases smoke and steam production,
which may falsely appear to indicate increased burning intensity. However, this is a
sign of active peat cooling and the release of substantial water vapor.

• Step 3: Upon removal of the burning peat, two scenarios may occur upon contact
with air. The most heated portions, having undergone pyrolysis and charring, may
flare up with open flames when exposed to oxygen. In contrast, less heated and non-
charred peat from the hotspot begins to cool down upon exposure to air, generating
a substantial amount of steam. The bulldozer then reverses, lowering its blade and
compacting the burn site with its tracks to enhance soil thermal conductivity, breaking
up remaining clumps, and leveling any formed mounds.

• Step 4: Wait 24 h once the primary extinguishment stage is complete and then check
for any newly emerging burn points (in large soil clumps or piles). If needed, these
can be extinguished by further spreading over the frozen ground.

To ensure the reliability of the layered removal and dispersion method for extinguish-
ing smoldering peat in winter, we used thermal cameras at all stages of the process as well
as thermometer probes. This allows for immediate identification of problematic areas and
any remaining smoldering hotspots.

We applied this technique to 21 hotspots in the winters of 2022 in the Sverdlovsk
region and flew UAV missions during the spring of 2023. After the snowmelt and the
onset of the fire season, a follow-up inspection of the extinguished fires was conducted. In
addition, we applied the same technique to 5 smaller hotspots in the Sverdlovsk, Omsk, and
Kostroma regions but without the use of heavy machinery. These hotspots were exposed
using shovels and hoes, and in some cases, we used motorized trenchers (georippers). For
each visible hotspot area of about one square meter, at least 4 cubic meters of soil were
excavated and dispersed, as heated soil from the hotspot walls, covered by snow, also
needed to be removed. The extracted soil was spread over the surrounding frozen ground
and snow. Quality control was ensured using thermometer probes and thermal cameras.

3. Results and Discussion
3.1. Detection of Overwintering Fires

Analysis shows that individual Landsat-8 and Sentinel-2 images of confirmed active
fires often do not conclusively detect winter fire activity [38]. Exceptions occur when open
flames coincide with satellite overpasses. However, comparing multiple images of the
same fire across late autumn and early winter, particularly all cloud-free autumn images
and the first snow-covered scenes, reveals changes in fire boundary shape and spectral
characteristics, allowing inference of continued fire activity.

https://doi.org/10.3390/fire9040144

https://doi.org/10.3390/fire9040144


Fire 2026, 9, 144 11 of 18

Our experience indicates that the most effective detection methodology requires a
combination of complementary approaches. First, monitoring begins with satellite data,
using thermal hotspots and medium-resolution imagery to track fire boundary changes
and identify areas where smoldering hotspots may persist into autumn (Figures 1 and 2).
This is followed by aerial surveys with thermal cameras configured for automatic detection
of objects with temperatures above 0 ◦C. Finally, detailed ground inspections are conducted
on snowmobiles and skis, using handheld thermal cameras and thermometer probes at
locations where aerial thermal anomalies were detected.

Ground surveys alone, although essential for confirming hotspot presence, cannot
detect all smoldering peat fires. Many hotspots are hidden beneath fallen, snow-covered
trees, making access by snowmobiles or skis difficult. Aerial surveys of known hotspots
further confirm that visual inspection alone is insufficient for reliable detection. While
large hotspots may occasionally be identified during extreme cold and atmospheric inver-
sions, when steam plumes are visible, visual detection alone cannot ensure comprehensive
identification of all active smoldering areas.

The use of UAVs equipped with thermal cameras enabled reliable detection of all
known smoldering hotspots during inspections, as heat emissions beneath snow were
detectable from distances up to 500 m and, in some cases, up to 2–3 km. Comparing
different winter fire detection methods, it can be concluded that UAVs with thermal imaging
provide the most accurate and reliable results among all tested approaches (Table 2).

Table 2. Peat fire detection efficiency by different methods.

Method Detected, % Missed, % False Detection, %

UAV with visual camera 80 20 5
UAV with thermal camera (manual) 95 5 5

UAV with thermal camera (automatic) 98 2 4
Ground survey without UAV 90 10 0

Although all tested methods demonstrated relatively high efficiency (Table 2), none
alone was sufficient to identify all smoldering peat hotspots. The most effective method
involved a UAV with thermal camera operating in automatic mode, which detected 98% of
the existing hotspots, with only 4% false detections.

3.2. Drivers of Persistence in Overwintering

Our analysis identified peat moisture content as a key factor controlling the persis-
tence of overwintering fires. To quantify this relationship, peat samples were collected
from three distinct zones representing different stages of smoldering activity: (1) active
smoldering zones, characterized by ongoing combustion and formation of charcoal and ash;
(2) transition zones, where peat was heated but not actively smoldering; and (3) unaffected
zones without evidence of smoldering (Figure 4).

The active smoldering zones exhibited significantly lower peat moisture content,
with a mean water content of 223 ± 62% (ratio of water mass to dry peat mass). In
contrast, transition zones had intermediate moisture levels (352 ± 48%), while zones
without smoldering showed substantially higher moisture content (488 ± 107%). These
results indicate that lower peat moisture promotes sustained smoldering, whereas higher
moisture levels inhibit combustion and contribute to fire extinction.
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Figure 4. Peat moisture level in three zones: 1—Active smoldering, with the formation of charcoal and
ash. 2—Transition zone with heating and transformation of peat. 3—Zone without peat smoldering.
Data are based on 30 measurements and are presented in Table S2.

These findings support the conclusion that peat moisture is a primary environmental
control on the overwintering persistence of peat fires.

The depth of smoldering peat is closely related to the depth of groundwater. On
average, peat stops smoldering when the groundwater level is above 62 ± 13 cm (Figure 5).
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Figure 5. The relationship between the depth of the smoldering zone and the depth of the ground
water. Data are based on 51 measurements and are presented in Table S3.

These efforts have enabled us to gather valuable data on how zombie fires develop
over the winter, and the influence of factors such as cold, snow, upper soil layer density,
peat moisture, and groundwater fluctuations. Analyzing this data now allows us to assess
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the likelihood that an overwintering fire will become active in the next fire season and
spark new surface wildfires.

Notably, our findings indicate that overwintering fires did not occur in areas where
groundwater levels in the fall were higher than 60 cm from the soil surface. This observation
aligns with data indicating that groundwater levels and peat moisture also inhibit peat fire
development in the summer [39,40].

The average depth of overwintering hotspots was 1.5 m, although some were as
shallow as 60 cm, while others reached depths of around 3 m. According to the methodology
used by Russian fire services [41,42], the depth of a hotspot is defined as the lowest
boundary where peat temperatures exceed 40 ◦C and/or signs of peat conversion to
charcoal or ash are visible.

Based on repeated field observations at overwintering peat fire sites, we identified
several environmental and structural conditions that were commonly associated with the
persistence of overwintering hotspots into the following season:

• Groundwater levels in autumn are deeper than 60–70 cm below the soil surface,
allowing deeper peat layers to remain sufficiently dry for sustained smoldering.

• Turf-covered soil above the hotspots, which can retain heat and protect the smoldering
zone from precipitation.

• Tree root systems shielding hotspots from precipitation and creating locally drier and
structurally loosened peat layers.

• Compacted soil layers above hotspots, such as roadbeds or heavily trampled surfaces,
which may limit water infiltration.

• Thick snow cover around the edges of hotspots, which acts as an insulating layer and
reduces heat loss during winter.

Overwintering hotspots tend to assume an energetically favorable shape as frost
intensifies, resembling a circle at the soil surface and a sphere underground.

Observations in forested areas confirm that hotspots, after consuming all available
fuel under one tree, spread relatively quickly (within a few days) along the root system to
the next tree, where they resume a spherical shape. Once trees fall, smoldering beneath
their roots typically ceases.

Peat moisture measurements around overwintering hotspots revealed that smoldering
occurs in peat with moisture levels between 200 and 400%. In areas with lower moisture
(200–300%), hotspots dry and heat adjacent peat, leading to gradual pyrolysis, charring, and
smoldering. In the lower layers, near or below the hotspot’s base, peat moisture reached
400–500%, at which point smoldering generally ceased (likely due to insufficient energy to
evaporate such high water content). As with summer peat fires, a moisture level of 400%
and above typically prevents downward hotspot development.

It is suggested that during winter, the common drop in groundwater levels in peat-
lands (winter low water levels) means that water evaporated by the hotspot from the
surrounding drying zone is not replenished by precipitation due to the frozen upper soil
layer. Consequently, hotspots have more favorable conditions for deeper and lateral spread
beneath the soil surface in winter.

We identified a key feature that makes overwintering fire hotspots more resistant
to precipitation and suppression efforts in the following fire season. This feature is the
formation of a complex multilayered structure consisting of alternating layers of charcoal,
ash, and peat. This structure develops as the overhanging winter edges of the hotspot
collapse in spring, burying hot ash beneath them. The newly fallen peat layers subsequently
ignite, while the buried layers retain heat, creating a dense, hydrophobic, and poorly
permeable system. Such a structure is considerably more difficult to extinguish than newly
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ignited hotspots and introduces a positive feedback loop: the longer the fire persists, the
more resistant it becomes to suppression.

In the Sverdlovsk Region, during a spring follow-up to extinguish remaining hotspots,
we were able to directly observe and document the transition of smoldering peat in over-
wintered hotspots to open flames on the soil surface (burning dry grass), demonstrating
the renewal of zombie fires in a new season.

A notable observation during hotspot surveys was that many hoofed animals—such
as roe deer, wild boar, and elk—are drawn to these hotspots during cold weather, seeking
warmth nearby. This occasionally aids in hotspot detection, as animal tracks and thermal
images may reveal not only the warm hotspots but also the warm bodies of animals resting
at the edges. However, there were also instances of animal fatalities, likely due to carbon
monoxide exposure.

3.3. Effective Methods for Extinguishing Overwintering Fires

To extinguish smoldering hotspots in winter, we developed and successfully imple-
mented a method involving the layered removal of burning peat with bulldozers and the
dispersion of smoldering material over frozen ground [36]. This technique has been applied
to more than 50 fires over three winter seasons in the Sverdlovsk (using bulldozers), Omsk
(manual extinguishment), and Kostroma (mixed bulldozer and manual) regions, yielding
excellent results.

Ground inspections have confirmed the accuracy of UAV data, ensuring that no
hotspots survive the winter and reignite fires in the spring once all identified sites have
been extinguished. After the snowmelt and the onset of the fire season, follow-up inspection
of treated sites showed no remaining active hotspots. The thickness of the removed soil
did not exceed 30 cm, and some of the pits created during hotspot removal had partially
filled with water.

The use of bulldozers to peel off and spread layers of smoldering peat proved highly
effective. Once dispersed onto the cold, frozen surface, the material rapidly cooled, and no
re-ignition was observed in any of the treated areas.

From an operational perspective, this method is also cost-efficient. The direct cost
of winter suppression using bulldozers typically ranges from 100 to 500 USD per hectare,
depending on site accessibility and hotspot depth, with a productivity of approximately
0.5–2.0 ha per bulldozer per day [37]. For comparison, suppression using water in the
autumn or spring generally requires higher labor input and longer operational time [43].
While spring suppression costs may be comparable in some cases due to rising groundwater
levels and partial natural extinguishment, it is significantly slower and associated with
higher risks, as incomplete suppression may lead to re-ignition and renewed fire spread.

Direct water extinguishment of peat fires during winter presents significant challenges.
Winter smoldering fires tend to develop a complex multi-layered structure consisting
of alternating layers of charcoal, ash, and peat, which reduces the efficiency of water
penetration. As a result, the water requirement for direct extinguishing (i.e., mixing peat
with a water jet) in our winter experiments was approximately 3 tons per square meter of
fire surface—compared to the typical ~1 ton per square meter required during summer.
This approach would not be successful in the summer, as scattered burning peat would
ignite everything around it, only expanding the burned area. However, in winter, there is
no such risk, and even large hotspots can be extinguished within 2–3 h.

When applied correctly, this method ensures that no further combustion will occur
in these areas. The result is a cleared area with the formerly smoldering peat now safely
spread over the surface.

https://doi.org/10.3390/fire9040144

https://doi.org/10.3390/fire9040144


Fire 2026, 9, 144 15 of 18

When there are deviations from the prescribed method, e.g., covering hotspots with
snow or mixing only the top (hottest) layer of smoldering peat with snow without removing
the heated layers below, then the hotspots tend to reignite within a few days. The peat
hotspot reconstructs its structure, enabling it to maintain an optimal temperature and dry
the surrounding fuel within its walls.

4. Conclusions
This study advances our understanding of overwintering peat fires (“zombie fires”) by

identifying the environmental conditions that enable their persistence and by demonstrat-
ing practical methods for their detection and suppression in winter. Through a combination
of satellite imagery, aerial thermal surveys, and ground-based investigations, we docu-
mented how these fires smolder beneath the surface through freezing temperatures and
reignite in spring, contributing to early wildfire outbreaks and greenhouse gas emissions.

We found that overwintering fires are strongly associated with low groundwater levels
(below 60 cm), drier peat conditions (200–300% moisture), and protective surface structures
such as turf layers, compacted soil, and tree root systems that insulate the smoldering
zone. Our observations also reveal that many overwintering hotspots form multilayered
structures of charcoal, ash, and unburned peat, which significantly increase resistance to
suppression and pose a risk of re-ignition.

Among the tested detection approaches, UAV-based thermal imaging emerged as the
most effective, reliably identifying over 98% of hotspots. Satellite data, while limited in
detecting active winter smoldering on its own, proved valuable when analyzed as time
series, especially when paired with hotspot and snow cover analysis.

Importantly, we developed and validated a winter-specific extinguishment method
involving the mechanical removal and dispersion of smoldering peat over frozen ground.
This approach proved highly effective in both large-scale and manual applications, achiev-
ing full suppression with no observed re-ignition in spring.

While these findings are based on overwintering fires in human-disturbed peatlands
across Russia’s boreal zone, additional research is needed in undisturbed Arctic peatlands,
particularly in permafrost regions without drainage networks, where fire behavior and
suppression dynamics may differ significantly.

By combining operational field methods with remote sensing and thermal technologies,
this work provides a replicable framework for monitoring and mitigating overwintering
fires. Such strategies are increasingly important as climate change amplifies peatland fire
risks, challenging traditional fire management and demanding new tools for early detection
and response.

5. Limitations
This method of surveying does come with its own limitations. One of the main

constraints during winter flights is the operating temperature range of thermal cameras.
Most thermal cameras used on UAVs cannot function below −10 ◦C. Ideally, flights should
be conducted at temperatures of up to −5 ◦C, taking into account that temperatures drop
by an average of 2 degrees at an altitude of 300 m. Therefore, it is best to choose survey
days when the daytime temperature is around −3 ◦C.

Survey participants noted significantly higher reliability in detecting smoldering
hotspots during winter, due to the stark temperature contrast between the hotspots and
their surroundings. This is more challenging in summer, where dark surfaces heated by
sunlight can interfere with thermal imaging. Even in winter, however, sunny days can
reduce the effectiveness of thermal cameras, as heated tree canopies and exposed surfaces
create noise and false targets.
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An unexpected challenge was the presence of groundwater springs that do not freeze,
even during severe cold spells. These springs, typically at +3 to +4 ◦C, can resemble
smoldering hotspots on thermal cameras due to their high temperature contrast with the
surrounding snow (for example, −15 ◦C). Consequently, even on optimal survey days
(overcast with moderate frost), each detected thermal anomaly had to be verified in both
infrared and visual spectra to confirm the presence of a smoldering hotspot.

To date, we have surveyed a significant number of overwintering fires in human-
disturbed peatlands across the boreal zone in Russia, covering a wide range of natural
conditions (including European Russia, the Urals, Siberia, and the Russian Far East). This
research has provided insights into how these hotspots originate, develop, and reignite
with open flames in spring, as well as how they can be detected using aerial methods. We
have also developed and validated suppression techniques, such as flooding and winter
extinguishment through layered removal and spreading of burning soil. However, we
still lack sufficient data on the behavior of overwintering fires in undisturbed peatlands of
the Russian Arctic, where there are no drainage networks. Furthermore, there is a need
for more direct observations on the behavior of these fires in permafrost zones and their
interactions with permafrost.
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Author Contributions: Conceptualization, G.K.; methodology, G.K.; formal analysis, G.K. and I.S.;
investigation, G.K. and I.S.; resources, G.K.; data curation, G.K.; writing—original draft preparation,
G.K., D.S. and L.S.; writing—review and editing, I.S.; visualization, I.S. and D.S. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Materials. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

UAV Unmanned Aerial Vehicle
GNSS High-precision Global Navigation Satellite System
MODIS Moderate Resolution Imaging Spectroradiometer
NGO Non-Governmental Organization

References
1. Joosten, H.; Clarke, D. Wise Use of Mires and Peatlands; International Mire Conservation Group: Greifswald, Germany; International

Peat Society: Jyväskylä, Finland, 2002; p. 304.
2. Lourenco, M.; Fitchett, J.M.; Woodborne, S. Peat Definitions: A Critical Review. Prog. Phys. Geogr. Earth Environ. 2023, 47, 506–520.

[CrossRef]
3. UNEP. Global Peatlands Assessment: The State of the World’s Peatlands—Evidence for Action Toward the Conservation, Restoration, and

Sustainable Management of Peatlands; United Nations Environment Programme: Nairobi, Kenya, 2022.
4. Greifswald Mire Centre. The Global Peatland Database. 2024. Available online: https://greifswaldmoor.de/global-peatland-

database-en.html (accessed on 1 February 2026).
5. Gorham, E. Northern Peatlands: Role in the Carbon Cycle and Probable Responses to Climatic Warming. Ecol. Appl. 1991, 1,

182–195. [CrossRef]

https://doi.org/10.3390/fire9040144

https://www.mdpi.com/article/10.3390/fire9040144/s1
https://www.mdpi.com/article/10.3390/fire9040144/s1
https://doi.org/10.1177/03091333221118353
https://greifswaldmoor.de/global-peatland-database-en.html
https://greifswaldmoor.de/global-peatland-database-en.html
https://doi.org/10.2307/1941811
https://doi.org/10.3390/fire9040144


Fire 2026, 9, 144 17 of 18

6. Loisel, J.; Van Bellen, S.; Pelletier, L.; Talbot, J.; Hugelius, G.; Karran, D.; Yu, Z.; Nichols, J.; Holmquist, J. Insights and Issues
with Estimating Northern Peatland Carbon Stocks and Fluxes since the Last Glacial Maximum. Earth-Sci. Rev. 2017, 165, 59–80.
[CrossRef]

7. Frolking, S.; Roulet, N.; Fuglestvedt, J. How Northern Peatlands Influence the Earth’s Radiative Budget: Sustained Methane
Emission versus Sustained Carbon Sequestration. J. Geophys. Res. 2006, 111, 2005JG000091. [CrossRef]

8. Virkkala, A.-M.; Rogers, B.M.; Watts, J.D.; Arndt, K.A.; Potter, S.; Wargowsky, I.; Schuur, E.A.G.; See, C.R.; Mauritz, M.;
Boike, J.; et al. Wildfires Offset the Increasing but Spatially Heterogeneous Arctic–Boreal CO2 Uptake. Nat. Clim. Change 2025, 15,
188–195. [CrossRef]

9. Bowman, D.M.J.S.; Balch, J.K.; Artaxo, P.; Bond, W.J.; Carlson, J.M.; Cochrane, M.A.; D’Antonio, C.M.; DeFries, R.S.; Doyle, J.C.;
Harrison, S.P.; et al. Fire in the Earth System. Science 2009, 324, 481–484. [CrossRef]

10. Turetsky, M.R.; Benscoter, B.; Page, S.; Rein, G.; Van Der Werf, G.R.; Watts, A. Global Vulnerability of Peatlands to Fire and Carbon
Loss. Nat. Geosci. 2015, 8, 11–14. [CrossRef]

11. Witze, A. The Arctic Is Burning like Never before—And That’s Bad News for Climate Change. Nature 2020, 585, 336–337.
[CrossRef] [PubMed]

12. Descals, A.; Gaveau, D.L.A.; Verger, A.; Sheil, D.; Naito, D.; Peñuelas, J. Unprecedented Fire Activity above the Arctic Circle
Linked to Rising Temperatures. Science 2022, 378, 532–537. [CrossRef] [PubMed]

13. Scholten, R.C.; Veraverbeke, S.; Chen, Y.; Randerson, J.T. Spatial Variability in Arctic–Boreal Fire Regimes Influenced by
Environmental and Human Factors. Nat. Geosci. 2024, 17, 866–873. [CrossRef]

14. Corning, S.; Krasovskiy, A.; Kiparisov, P.; San Pedro, J.; Viana, C.M.; Kraxner, F. Anticipating Future Risks of Climate-Driven
Wildfires in Boreal Forests. Fire 2024, 7, 144. [CrossRef]

15. Rein, G.; Huang, X. Smouldering Wildfires in Peatlands, Forests and the Arctic: Challenges and Perspectives. Curr. Opin. Environ.
Sci. Health 2021, 24, 100296. [CrossRef]

16. Irannezhad, M.; Liu, J.; Ahmadi, B.; Chen, D. The Dangers of Arctic Zombie Wildfires. Science 2020, 369, 1171. [CrossRef]
17. Scholten, R.C.; Jandt, R.; Miller, E.A.; Rogers, B.M.; Veraverbeke, S. Overwintering Fires in Boreal Forests. Nature 2021, 593,

399–404. [CrossRef]
18. Baltzer, J.L.; Walker, X.J.; Veraverbeke, S.; Hessilt, T.D.; Alfaro-Sanchez, R.; Van Gerrevink, M.J.; Mack, M.C.; Ogden, E.L.;

Olsen, R.; Scholten, R.C.; et al. Overwintering Fires Can Occur in Both Peatlands and Upland Forests with Varying Ecological
Impacts. Nat. Ecol. Evol. 2025, 9, 559–564. [CrossRef]

19. Gibson, C.M.; Chasmer, L.E.; Thompson, D.K.; Quinton, W.L.; Flannigan, M.D.; Olefeldt, D. Wildfire as a Major Driver of Recent
Permafrost Thaw in Boreal Peatlands. Nat. Commun. 2018, 9, 3041. [CrossRef] [PubMed]

20. McCarty, J.L.; Aalto, J.; Paunu, V.-V.; Arnold, S.R.; Eckhardt, S.; Klimont, Z.; Fain, J.J.; Evangeliou, N.; Venäläinen, A.;
Tchebakova, N.M.; et al. Reviews and Syntheses: Arctic Fire Regimes and Emissions in the 21st Century. Biogeosciences 2021, 18,
5053–5083. [CrossRef]

21. Finlay, S.E.; Moffat, A.; Gazzard, R.; Baker, D.; Murray, V. Health Impacts of Wildfires. PLoS Curr. 2012, 4, e4f959951cce2c.
[CrossRef]

22. Naser, M.Z.; Kodur, V. Vulnerability of Structures and Infrastructure to Wildfires: A Perspective into Assessment and Mitigation
Strategies. Nat. Hazards 2025, 121, 9995–10015. [CrossRef]

23. Li, X.-Y.; Jin, H.-J.; Wang, H.-W.; Marchenko, S.S.; Shan, W.; Luo, D.-L.; He, R.-X.; Spektor, V.; Huang, Y.-D.; Li, X.-Y.; et al.
Influences of Forest Fires on the Permafrost Environment: A Review. Adv. Clim. Change Res. 2021, 12, 48–65. [CrossRef]

24. O’Sullivan, E.; Mulchrone, K.; Wieczorek, S. Rate-Induced Tipping to Metastable Zombie Fires. Proc. R. Soc. A 2023, 479, 20220647.
[CrossRef]

25. Davies, G.M.; Gray, A.; Rein, G.; Legg, C.J. Peat Consumption and Carbon Loss Due to Smouldering Wildfire in a Temperate
Peatland. For. Ecol. Manag. 2013, 308, 169–177. [CrossRef]

26. Selman, C. Remote Detection of Overwintering Fires; U.S. Naval Research Laboratory: Washington, DC, USA, 2023; p. 28.
27. WildFire Service Overwintering Fires. 2024. Available online: https://Blog.Gov.Bc.ca/Bcwildfire/Overwintering-Fires/ (accessed

on 1 February 2026).
28. Patsuk, S.V.; Klavdiev, A.A.; Kurennoy, A.N. Basic extinguishing methods for peatland fires. Curr. Issues Fire Saf. 2022, 1, 40–45.

[CrossRef]
29. Qin, Y.; Zhang, Y.; Chen, Y.; Lin, S.; Shu, Y.; Huang, Y.; Huang, X.; Zhou, M. Impact of Snow on Underground Smoldering Wildfire

in Arctic-Boreal Peatlands. Environ. Sci. Technol. 2025, 59, 3915–3924. [CrossRef] [PubMed]
30. Rein, G. Smouldering Combustion Phenomena in Science and Technology. Int. Rev. Chem. Eng. 2009, 1, 3–18. Available online:

http://hdl.handle.net/1842/2678 (accessed on 1 February 2026).

https://doi.org/10.3390/fire9040144

https://doi.org/10.1016/j.earscirev.2016.12.001
https://doi.org/10.1029/2005JG000091
https://doi.org/10.1038/s41558-024-02234-5
https://doi.org/10.1126/science.1163886
https://doi.org/10.1038/ngeo2325
https://doi.org/10.1038/d41586-020-02568-y
https://www.ncbi.nlm.nih.gov/pubmed/32913318
https://doi.org/10.1126/science.abn9768
https://www.ncbi.nlm.nih.gov/pubmed/36378957
https://doi.org/10.1038/s41561-024-01505-2
https://doi.org/10.3390/fire7040144
https://doi.org/10.1016/j.coesh.2021.100296
https://doi.org/10.1126/science.abe1739
https://doi.org/10.1038/s41586-021-03437-y
https://doi.org/10.1038/s41559-024-02630-2
https://doi.org/10.1038/s41467-018-05457-1
https://www.ncbi.nlm.nih.gov/pubmed/30072751
https://doi.org/10.5194/bg-18-5053-2021
https://doi.org/10.1371/4f959951cce2c
https://doi.org/10.1007/s11069-025-07168-5
https://doi.org/10.1016/j.accre.2021.01.001
https://doi.org/10.1098/rspa.2022.0647
https://doi.org/10.1016/j.foreco.2013.07.051
https://Blog.Gov.Bc.ca/Bcwildfire/Overwintering-Fires/
https://doi.org/10.37657/vniipo.avpb.2022.81.46.006
https://doi.org/10.1021/acs.est.4c08569
https://www.ncbi.nlm.nih.gov/pubmed/39912241
http://hdl.handle.net/1842/2678
https://doi.org/10.3390/fire9040144


Fire 2026, 9, 144 18 of 18

31. Adinugroho, W.C.; Suryadiputra, I.N.N.; Saharjo, B.H.; Siboro, L. Manual for the Control of Fire in Peatlands and Peatland Forest. Climate
Change, Forests and Peatlands in Indonesia Project; Indonesia Programme and Wildlife Habitat Canada: Bogor, Indonesia, 2005. Available
online: https://gec.org.my/wp-content/uploads/2024/02/manual-forest-fire-gec.pdf (accessed on 1 February 2026).

32. Kuksin, G.V. Extinguishing Forest Peat Fires Using Flooding of Smoldering Spots and Raising the Groundwater Level; Ural State Forest
Engineering University: Ekaterinburg, Russia, 2024.

33. Kuksin, G.V.; Sekerin, I.M.; Zalesov, S.V. Features of the development of peat fires in winter. Int. Res. J. 2024, 3, IRJ.2024.141.43.
[CrossRef]

34. Kuksin, G.V. Influence of groundwater level and humidity on the development of peat fire. For. Inf. 2023, 4, 71–84. [CrossRef]
35. Sekerin, I.M.; Godovalov, G.A.; Eritzov, A.M.; Zalesov, S.V. Characteristics of Peat Fire Spread and Suppression in Winter. For.

Bull. 2022, 26, 64–70. [CrossRef]
36. Sekerin, I.M.; Eritzov, A.M.; Krektunov, A.A.; Zalesov, S.V. An Effective Method for Extinguishing Peat Fires in Winter. Proc. St.

Petersburg For. Acad. 2023, 245, 23–35. [CrossRef]
37. Sekerin, I.M.; Eritzov, A.M.; Krektunov, A.A.; Zalesov, S.V. Experience in peat fire suppression in the Middle Urals. Int. Res. J.

2022, 5-2, 81–85. [CrossRef]
38. Kuksin, G.V.; Sekerin, I.M.; Zalesov, S.V. Detection of Overwintering Peat Fires Using Remote Sensing Methods. For. Bull. (Lesn.

Vestn.) 2024, 28, 53–65. Available online: https://les-vest.mf.bmstu.ru/contents/2024/4/pdf/les_vest_4_2024.pdf (accessed on
1 February 2026).

39. Rein, G. Smouldering Fires and Natural Fuels. In Fire Phenomena and the Earth System; John Wiley & Sons, Ltd.: Hoboken, NJ,
USA, 2013; pp. 15–33.

40. Zalesov, S.V.; Kuksin, G.V.; Sekerin, I.M. Methods of Extinguishing Peat Fires: A Tutorial; Ministry of Science and Higher Education
of the Russian Federation, Ural State Forest Engineering University: Ekaterinburg, Russia, 2024.

41. Guidelines for the Detection and Extinguishing of Forest Fires. 1995. Available online: https://docs.cntd.ru/document/9028792
(accessed on 1 February 2026).

42. Zalesov, S.V.; Kuksin, G.V.; Sekerin, I.M. Equipment and Tools for Detection and Inspection of Peat Fires: A Tutorial; Ministry of Science
and Higher Education of the Russian Federation, Ural State Forest Engineering University: Ekaterinburg, Russia, 2024.

43. Karpenchuk, I.V.; Palubets, S.M.; Malashenko, S.M.; Trafimchik, L.L. Development of tactics for extinguishing peat fires using
specialized technical equipment. Bull. Command.-Eng. Inst. Minist. Emerg. Situat. Repub. Belarus 2010, 2, 78–82. Available online:
https://vestnik.ucp.by/arhiv/pdf/ICE/v12/n2/1.pdf (accessed on 1 February 2026).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/fire9040144

https://gec.org.my/wp-content/uploads/2024/02/manual-forest-fire-gec.pdf
https://doi.org/10.23670/IRJ.2024.141.43
https://doi.org/10.24419/LHI.2304-3083.2023.4.07
https://doi.org/10.18698/2542-1468-2022-5-64-70
https://doi.org/10.21266/2079-4304.2023.245.23-35
https://doi.org/10.23670/IRJ.2022.119.5.014
https://les-vest.mf.bmstu.ru/contents/2024/4/pdf/les_vest_4_2024.pdf
https://docs.cntd.ru/document/9028792
https://vestnik.ucp.by/arhiv/pdf/ICE/v12/n2/1.pdf
https://doi.org/10.3390/fire9040144

	Introduction 
	Materials and Methods 
	Overview of Methodological Framework 
	Detection of Overwintering Peat Fires with Satellite Imagery 
	Detection of Overwintering Fires with Manned and Unmanned Aerial Vehicles (UAV)s and Thermal Cameras 
	Ground Surveys and Data Collection 
	A New Method for Extinguishing Overwintering Fires in the Winter 

	Results and Discussion 
	Detection of Overwintering Fires 
	Drivers of Persistence in Overwintering 
	Effective Methods for Extinguishing Overwintering Fires 

	Conclusions 
	Limitations 
	References

