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Abstract: Climate change is already significantly affecting the frequency of wildfires in most regions
of the world, and the risk of wildfires is expected to amplify further with global warming. Accordingly,
there is growing concern about the mechanisms and impacts of extreme fires. In this study, a coupling
of the Weather Research and Forecasting model and the Rothermel Fire model (WRF-Fire) is employed
to reproduce the spread of fire within the national boundary of inner Mongolia from 21 to 27 May
2009. Simulations were run with or without feedback from fire-to-atmosphere models, and the study
focused on how the energy flux of simulated fires changes the local meteorological environment. The
coupled simulation could reproduce the burned area well, and the wind speed was the dominant
factor in the fire spread, with a maximum value no more than 6.4 m/s, when the terrain height
changes little and the proportion of grassland is low. After the feedback, the propagation speed of the
fire accelerated, accompanying the release of latent and sensible heat, and local circulation formed
near the front of the fire, leading to a convergence and divergence zone in the downwind area. It is
worth noting that during a period of more than 140 h of simulation, the area of the fire field increased
by 17% from ignition time. Therefore, considering the fire–atmosphere interaction is necessary for
accurately predicting fire behavior.

Keywords: WRF-Fire; atmosphere–fire interactions; fire behavior

1. Introduction

Climate change has been a key factor in the increasing risk and scope of wildfires
worldwide [1]. The risk of wildfires depends on many factors, including synoptic con-
ditions (wind speed, precipitation, temperature, etc.), background climate (soil moisture,
drought, etc.) and vegetation type (trees, shrubs, and others). All of these factors are
closely linked, directly or indirectly, to climate internal variability and climate change. For
example, the drying of organic matter in forests (fuels that burn and spread wildfires) has
been exacerbated by climate change, doubling the number of fires in the western United
States between 1984 and 2015 [2]. Variations in weather and climate affect wildfire activity
by regulating vegetation production and the moisture content of fuels. Insufficient pre-
cipitation can cause water shortages and increase the flammability of fuel [3]. As global
warming continues, the severity of wildfire occurrence will be further enhanced. This is
derived from the overlap of the long-term effects of climate change on fuel types with the
short-term effects of weather pattern change on fire risk and fire behavior [4]. Wildfires
are highly complex physicochemical phenomena on Earth that involve the combustion
process, the local atmospheric environment, and the interaction between topographic and
vegetative features. Although wildfires in the steppe appear to be relatively mild compared
to devastating high-intensity fires—which are also a special case which has generated great
interest—they not only contribute to a large proportion of wildfires worldwide, but the
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fires from fine fuels, such as grass, are also highly sensitive to wind. Changes in wind
speed or direction can lead to rapid changes in fire behavior, which can pose a potential
threat to firefighting operations [5].

Wind accelerates the evaporation of fuels and makes them dry and flammable; at the
same time, it continuously replenishes oxygen, improves the combustion conditions in
the combustion area, and ultimately accelerates the combustion process [6]. In addition,
stronger wind may result in stronger atmospheric turbulence, which often produces “flying
fires”, generating new fire sources outside the fire front and forming new fire spots. In the
empirical-based fire spread model, environmental conditions are assumed to remain static,
and the rate and behavior of spread are related to the conditions at observation stations
near to where the fire is occurring. These environmental conditions include weather, fuel
type, fuel moisture, and local topography [7,8]. When the local conditions are accurately
described and do not vary much in time or space, i.e., have long-term stability, the fire
prediction produced by empirical models is sufficient for forecasting. However, when fuels
are particularly dry and the moisture in the atmosphere is low, atmospheric conditions
change rapidly, and fires severely affect the local circulation; as such, in the case of intense
fires on steep terrain, an empirical-based model may not be able to perform well based on
the nearly observational data. For example, when the 2003 Canberra (Australia) fires broke
out, strong winds and steep terrain drove the fires laterally, resulting in at least one fire
tornado [9,10]. Therefore, the influence of complex local circulation on fire behavior and
spread should be fully considered.

As the driving force of meteorological conditions, provided the combustion model
is in an offline form, it is impossible to characterize the feedback mechanism between the
fire and the environmental field, which directly limits the application of these models in
the prediction of fire front propagation. The coupling of the mesoscale numerical weather
model with the physical or empirical-based fire field spread model provides an effective
way to solve this problem.

Work on the coupling of atmosphere and fire models began in the mid-1990s [11],
which presented numerical models of the atmosphere that can be fully combined with the
empirical-based fire field spread model. The research simulation reproduces many charac-
teristics of the observed fire, including the convection caused by the fire interacting with
the wind speed at the fire front to form a parabolic shape, addressing that the interactions
between the atmosphere and the fire play a crucial role in determining the behavior and
spread of fire. In addition, the fire-generated heat flux changes the surrounding atmospheric
circulation (plume-dominated fires) and exerts a small-scale dynamic effect on the fire front
itself. More complex combustion parameterizations and simulations for comparison with
observational data are discussed in the following referenced studies [12,13].

After the models are coupled, as outlined above, the atmosphere–fire model develops
in two different directions. In the first direction, turbulent airflows within the atmosphere
are reproduced in a relatively small area at a very high resolution (in the order of 1 m),
including detailed parameterization of the chemical and physical combustion processes
of the fuels, such as FIRETEC [7], the wildland fire dynamics simulator [14], the FARSITE
system developed by the US Forest Service at their Rocky Mountain Research Worksta-
tion, and the MesoNH-ForeFire model, which was developed in France [15]. The second
direction taken is to combine highly simplified, empirical- or semi-empirical-based fire
models with relatively complete numerical weather prediction models with resolutions of
several hundred meters or higher. One of the most prominent examples is the Weather and
Research Forecast model known as WRF-Fire [16], which needs fine terrain and fuel types
as input and is applied in various countries around the world [17–19].

Studying fire–atmospheric feedback through observational data is challenging, and it
has been difficult to conduct comprehensive meteorological observations and controlled
experiments on fires in China. However, an alternative approach is to analyze the results
of high-resolution coupled fire–atmosphere simulations, which provide an opportunity to
study how fires change the structure of the surrounding atmosphere. The aim of the current
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study is to use numerical simulations to better understand fire–atmosphere interactions in
the context of fire by employing the coupled WRF and FIRE model.

2. Materials and Methods
2.1. Study Area

The Inner Mongolian grassland is an important ecological barrier in the north of China
and has been the foundation for the development of animal husbandry. This environment
is central to the survival of herders, is an essential gene pool for maintaining biodiversity
in China, and is an important material base for maintaining the national ecosystem and
promoting sustainable socioeconomic development. The grassland area in Inner Mongolia
is geographically connected to the forest; as such, the forest undergrowth accounts for
a large proportion of grassland. Thus, once the grassland is on fire, it easily moves into
the forest area, resulting in forest fires and posing a significant threat to the forest. The
area used for our study includes arid and semi-arid areas, which are ecologically fragile
and sensitive to climate change, and the grassland fires here are numerous and scattered.
Eastern Mongolia is a vast and sparsely populated region with abundant forest and grass
resources and is an extremely active area for wildfires, putting greater pressure on forest
and grassland fire prevention in neighboring regions of China.

2.2. The Fire Situation

The Hinggan League in Inner Mongolia is in the transition zone from the Greater
Khingan to the Songnen Plain, and most of the forest resources are distributed in the Arxan
region on the border with Mongolia. The main vegetation includes the larch, the birch, and
the mountain poplar, and more than 90% of the fuel load is miscellaneous multiyear wood
and weeds. At 16:00 on 20 May 2009, a forest and grassland fire was found in Mongolia; the
fire continued to develop and spread to the border areas of Arxan and the Hinggan League
in Inner Mongolia, posing a significant threat to forest resources. The temperature in the
fire area reached 27 ◦C in the first few days, and the northwest wind was 4–5 m/s, with
gusts reaching 6–7 m/s, which made blocking and fighting the fire very difficult. Under
the joint action of the fire separation belt and manual firefighting, the grassland fire was
successfully stopped near the border and put out at 08:00 on the 26th (UTC, universal time,
the same below), having lasted for 6 days or 144 h.

The meteorological conditions during the fire can be divided into four stages according
to changes in the wind field based on the NCEP FNL reanalysis (https://rda.ucar.edu/
datasets/ds083.2/, accessed on 1 November 2023). At 12:00 on 21 May, the fire area was
at the front of the surface high pressure, and the wind direction was northwesterly. Then,
the surface high pressure moved to the southwest and gradually weakened, and the wind
direction changed to a southerly wind at 18:00 on May 21. At 06:00 on the 22nd, a cyclone
moving from Lake Baikal gradually approached. At 18:00 on the 23rd, the cyclone split
into two parts. The southern cyclone was in Hulun Lake, and the wind direction of the fire
domain turned to the southeast; on the 24th, the fire area was covered by clouds all day. At
00:00 on the 25th, affected by the development of a high-altitude trough, the split cyclones
merged, and the cyclones strengthened. After that, the cyclone moved to the northeast, and
the wind direction changed to the northwest at 06:00. On May 22 and 23, the fire region
was affected by high pressure, and the wind speed was low, representing a good time to
put out the fire (Figure 1).

https://rda.ucar.edu/datasets/ds083.2/
https://rda.ucar.edu/datasets/ds083.2/
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are divided into closed timber litter according to the WRF Anderson classification (Figure 
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load and combustibility of different forest types determine the characteristics of forest fire 
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Figure 1. Relative humidity and wind speed at 10 m above ground from the NCEP at (a) 12 UTC
(20:00 LST) 21 May 2009—the white box is the study area; (b) 12 UTC (20:00 LST) 22 May 2009;
(c) 12 UTC (20:00 LST) 23 May 2009; (d) 12 UTC (20:00 LST) 24 May 2009.

2.3. WRF-Fire

The WRF is widely used in regional and global climate or weather simulation studies
after WRFV3.2, which is coupled with a fire spread model to achieve two-way feedback
between the fire and meteorological fields. The properties of surface fuels, local terrain
height, and wind speed determine the speed and direction of fire spread; at the same time,
the combustion releases heat and water vapor to the surrounding atmosphere, which in
turn changes the meteorological conditions in the near-surface layer [20].

2.4. Fuel Description

Different fuel types have different combustibility and forest fire behavior. Accu-
rate description of the spatial distribution of fuel types provides basic data for forest
fire forecasting [21], and are also necessary to predict forest fire behavior. However,
we still lack a basic database for the classification of fuels in China. Therefore, in this
paper land cover data from the FROM–GLC (Finer Resolution Observation Monitoring
of Global Land Cover), with a 30 m resolution, are used to determine the fuel types
(https://www.dess.tsinghua.edu.cn/info/1120/1418.htm, accessed on 1 November 2023).
In the innermost domain, the grass species is mainly sheep spear, corresponding to the
short grass according to the WRF Anderson classification, while the forest is mainly larch
and other tall tree species, which are divided into closed timber litter according to the WRF
Anderson classification (Figure 2b); therefore, bare land, water bodies, sand and gravel,
factory buildings, etc. are classified as non-combustible substances. Fuel is the material
basis of forest fires, and the fuel load and combustibility of different forest types determine
the characteristics of forest fire behavior. The WRF-Fire generates fixed values for different
fuels from the prescribed table. The primary types of fuel in the innermost domain are
short grass and closed timber litter, and it is noted that each fuel load value is the same in
each grid.

https://www.dess.tsinghua.edu.cn/info/1120/1418.htm
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2.5. Model Detail and Experiment Design

To simulate the interaction between the fire system and atmosphere with the evolution
of the fire, the Weather Research and Forecasting (WRF) model with Advanced Research
WRF (ARW) dynamic core version 4.1 is used in this study (Skamarock et al., 2008) [22]. In
terms of physical options, we use the Contiguous United States (CONUS) physics suite,
which includes the following: the Thompson microphysics scheme [23], the Mellor–Yamada–
Jancic planetary boundary layer scheme [24], the Noah land surface scheme [25], and the
Rapid Radiative Transfer Model longwave and shortwave radiative transfer schemes [26].

Initial and boundary conditions (ICBCs) for the large-scale atmospheric fields, sea
surface temperature (SST), and initial soil parameters (i.e., soil water, moisture, and temper-
ature) are given by the ERA5 6-h interval reanalysis data. The model domain is centered at
47◦ N, 120◦ E, using 3 nested domains with horizontal grid spacing of 7.5 km (D01), 1.5 km
(D02), and 300 m (D03), respectively, as shown in Figure 2a. With respect to the vertical
coordinates, 45 terrain-following eta levels from the surface to 50 mb are used. The actual
fuel types are derived from the Tsinghua University 30 m resolution land cover data. The
simulation period is from 20 May 2009 to 27 May 2009. The model generates a result every
1 h.

Two separate experiments that use the same WRF-Fire setup but differ in their rep-
resentation of the influence of the fire model are included. The first experiment has the
interaction between the atmosphere and fire, referred to as the control run (two-way); the
second experiment is carried out by turning off the feedback from the fire model (one-way).

One-way coupled models are essential when studying the effects of forcing on a
fire model and atmospheric model in a separate way. The atmosphere-to-fire model
provides insight into the influence of atmospheric conditions on fire spread without the
need to account for fire feedback to the atmosphere. A two-way coupled model is used to
investigate the effects of fire-induced weather on wildland fire behavior.

3. Results
3.1. Validation of the Burned Area

The data obtained using MODIS have characteristics such as long monitoring time,
wide spectral range, strong adaptability, and stability, making it one of the most suitable
sensors for fire monitoring at present. Taking the burned area from the fire in Mongolia
as an example, the two-way simulation of the WRF-Fire can be verified by comparison
with the MODIS. Figure 3 shows the burned area from 21 to 26 May 2009 from the MODIS
observation and the WRF-Fire simulation. Firstly, it can be seen from the observation that
there is no fire point at 0300 UTC on 21 May. Secondly, after 48 h, the fire mainly spread
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10 km to the north and south. And finally, the fire continued to spread 30 km to the north
and south at 0300 UTC on 26 May while at the same time there were no active fire points.
In general, the simulation of the occurrence and development of the fire generated using
the WRF-Fire model is in agreement with the MODIS observation of the fire area. The
fire initially expands eastward under the influence of the westerly wind, but, due to the
influence of the isolation belt, it is not allowed to continue to expand to the east; then, due
to the greater influence of the southwest or northeast wind, the fire mainly expands to the
north and south.
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(f) 0400 UTC 26 (the shaded contour is the terrain height).

3.2. The Domain Factors in the Stage of the Fire Spread

The occurrence and spread of fire are closely related to three elements: fuel, meteoro-
logical conditions, and topography. Therefore, Figure 4 links the rate of fire spread with
wind speed, slope, and fuel type to discuss the role of each factor at different stages in the
process of fire spread. The correlation coefficients between fire spread rate and wind speed,
and fuel type and terrain height passed the 99% confidence level.
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the dividing lines between the different stages. (b) The rate of spread at fire front (black line), grass
percentage (red line), and slope (blue line) for each hour from 00 UTC (08:00 LST) 21 May 2009 to 00
UTC 27 May 2009.
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The development of the fire can be divided into four stages according to Figure 4. The
first stage is within 20 h of the fire’s ignition, the fuel type is mainly forest, the proportion of
grassland is below 20%, and the terrain and wind speed are consistent with the fire spread
rate. The second stage is 20–50 h after the fire’s ignition; the proportion of the grassland
changes a little; the wind speed and the rate of fire spread demonstrate a positive feedback
relationship; at the same time, the terrain and the rate of fire spread present a negative
feedback relationship. The third stage is 50–120 h after the fire’s ignition; at this stage, the
proportion of grassland increases from 20% to 40%, and the rate of spread rate changes
with three peaks. The first largest peak is related to the increase in wind speed and the
decrease in terrain height; however, when the wind speed increases to more than 6.4 m/s,
the wind speed is so large that the fire spread rate decreases, while the terrain height on
the second and third peaks does not change much, indicating that the fire spread rate is
related to the increase in wind speed and the proportion of grassland. The fourth stage is
120–133 h after the fire’s ignition. The fire spread rate is a composite of the effects of the
following three factors: the wind speed increases to no more than 6.4 m/s, the proportion
of grassland exceeds 40%, and the terrain height decreases sharply.

3.3. Simulation Differences between Coupled and Uncoupled Experiments

The heat released by forest fires causes a change in the temperature gradient of the
surrounding atmosphere. Under the influence of wind speed, slope, terrain, etc., the fire
forms a microclimate inside and outside itself, which would also affect the development
of the fire itself. In the case of an area with a complex terrain, the shape of the fire field
is extremely irregular, which will make extinguishing the fire particularly difficult. From
the results of the two simulation experiments (one-way and two-way) (Figure 5), it can be
seen that the fire area and the wind speed in the nesting simulation with feedback is larger
than in the one-way nesting (no feedback) simulation, which confirms that a fire in the
process of spreading will form an independent system and interacts with the surrounding
atmosphere. After about 130 h of fire development, the difference in the fire area between
the two groups of experiments can reach 17% (Figure 5b).
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line) for each hour from 00 UTC (08:00 LST) 21 May 2009 to 00 UTC 27 May 2009; the dotted line is
the turning point impacted by the wind speed. (b) Same as (a) but for burned area; (c) same as (a) but
for wind speed.
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3.4. Changes in the Weather Pattern Caused by the Fire

Excluding the fuel from consideration, the speed of forest fire spread is mainly de-
termined by wind and terrain. When the terrain is flat and windless, the fire spreads at a
constant speed in all directions, and its shape is approximately circular. When the wind
direction is more stable, the spread shape is an ellipse. When the wind direction is unstable,
it swings at a small angle, and the spread shape is mostly fan-shaped. When encountering
a varied terrain, the fire spreads slowly between the valleys and spreads quickly on the
side ridges of the mountains, forming a “V” shape. From the differences in the simulated
spatial potential temperature and divergence field of the two sets of experiments (Figure 6),
it could be judged that the occurrence of forest fires leads to an increase in the potential
temperature and wind speed in the downwind region and finally to the formation of three
convergent belts distributed in three different directions.
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Figure 6. The difference between coupled and uncoupled simulation for domain 3 at 23:00 local
standard time. (a) The spatial distribution of the potential temperature (unit: ◦C) and horizontal
wind (unit: m/s) at 10 m above the ground. Vectors represent the horizontal wind (unit: m/s) at
10 m; the contour is the potential temperature; gray line marks the separation zone. (b) The contour
is the divergence (s–1) (the green line is the cross line used by Figure 7).
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Figure 7. The differences between coupled and uncoupled simulation of domain 3 at UTC 15:00
(23:00 local standard time). (a) Cross section of the potential temperature (unit: ◦C) along the green
line in Figure 6b. (b) Cross section of the vertical component of velocity (unit: m/s) along the green
line in Figure 6b.

The most common considerations when assessing fire hazards are surface wind and
the accompanying temperature and humidity. It is worth noting that vertical motion also
affects wildfires in many different ways. From the difference in the profile of the two
groups of experiments, it can be seen that the fire induced an increase in temperature
within the first 2 km above the ground (Figure 7a), and the change in buoyancy caused
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by the energy release near the fire front generated horizontal and vertical movement in
the atmosphere, which in turn produced vertical circulation near the front of the fire. In
addition, from the difference in vertical velocity in Figure 7b, it can be seen that a relatively
strong upward movement occurred within the first 2 km above the surface, but unlike the
change in temperature, the height of vertical movement could even reach over 5 km above
the ground.

4. Discussion

Reproducing fire–atmosphere interactions using the WRF-Fire model provides an
opportunity for fire behavior forecasting in China. The results of these simulations have
important implications for fire management; however, these simulations represent only
one simple fuel and topography scenario; therefore, the study has certain limitations. Since
weather forecasting and fire simulation models are key tools for predicting fire behavior,
it is important to optimize the physical parameters and computational efficiency of the
weather forecasting models as well as the key parameters in the fire behavior models. A
better understanding of fire–atmosphere interactions will help improve the accuracy of fire
behavior forecasts.

The use of FROM–GLC surface land cover data to map the fuel present in each
domain has an uncertain impact on the accuracy of forecasting fire behavior; therefore,
the development of a basic Chinese database of fuels corresponding to the WRF catalogue
will promote further simulation and research and improve the business of forecasting
fire spread.

Due to the diversity and complexity of and significant regional differences between
forest communities, there is significant spatial and temporal variability in fuel load, and the
distribution of fuel load is the result of interactions between environmental factors such as
meteorology, vegetation, and topography. The impact factor of the fuel load is not only a
direct relationship but also an interaction between environmental factors, forming a direct
and indirect impact on the fuel load. Climate change is thought to play a dominant role
at the regional scale, while vegetation, topography, etc. are thought to play a role at the
landscape scale or stand scale. Future research should consider the spatial distribution of
the fuel data to better reflect the actual distribution of fuel loads.

Owing to policies regarding management of the environment and seasonal climatic
conditions, such as dry, windy days and long sunshine hours in spring and low rainfall
in the study area, the vegetation dries out rapidly and the amount of fuel rises sharply,
providing sufficient fuel for the development of grassland fires and leading to an increase
in wildfire risk. The number and probability of wildfires are greatly increased due to the
increase in ritual activities in April, such as the Qingming Festival in China. In autumn, the
herdsmen prepare for the winter snow or spring lambing season and cut grass to feed their
livestock, and as such there are more frequent field activities, so fires occur more often and
more intensively.

5. Conclusions

In this study, we created a coupled fire–atmosphere model using WRF and FIRE. We
used the model to simulate the process of a wildfire to examine possible fire–atmosphere
interactions at the border of Inner Mongolia in May 2009. Two sets of simulations were
performed using high-resolution ERA5 data as the initial and boundary conditions: one
experiment with feedback from the fire to the atmosphere, and the other with no feedback.
The result shows that the WRF-Fire could accurately reproduce the burned area compared
to the MODIS. It should be addressed that from the development stage of fire propagation,
wind speed is the main positive feedback factor, but the maximum wind speed cannot
exceed 6.4 m/s, and a large change in terrain height and the high proportion of grassland
also increase the rate of fire propagation. Compared with the simulation results of one-way
coupling, after 130 h of propagation, the fire area reproduced by the coupling mode was
increased by 17%. The occurrence of wildfire will change the local circulation around
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the fire front by releasing sensible heat and latent heat. The energy released by the fire
changes the surrounding atmosphere, forming a convergence and divergence zone in
the downwind region, resulting in a significant change in the vertical movement of the
atmosphere to the potential temperature. The interaction between the fire and atmosphere
created longer active fire wings and, therefore, a larger burning area, while vortices caused
by the interaction provided mechanisms to increase the intensity of the fire. Understanding
these atmospheric features will enhance efforts to predict fire behavior. The results of these
simulations suggest that the evolution of fires depends on the atmosphere and ignoring the
role of the atmosphere in the evolution of fires could introduce significant errors.
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