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Abstract: Accurate comprehension of grassland fires is imperative for maintaining ecological stability.
In this study, we propose a novel fire model that incorporates real-time meteorological conditions.
Our methodology integrates key meteorological factors including relative humidity, temperature,
degree of solidification of combustible materials, and wind speed. These factors are embedded into a
comprehensive function that determines both the downwind and upwind spreading speeds of the
fire. Additionally, the model accommodates fire spread in the absence of wind by incorporating the
direction perpendicular to the wind, with wind speed set to zero. By precisely determining wind
speed, the model enables real-time calculation of fire spread speeds in all directions. Under stable
wind conditions, the fire spread area typically adopts an elliptical shape. Leveraging ellipse properties,
we define the aspect ratio as a function related to wind speed. Consequently, with knowledge of
the fire duration, the model accurately estimates the area of fire spread. Our findings demonstrate
the effectiveness of this model in predicting and evaluating fires in the Hulunbuir Grassland. The
model offers an innovative method for quantifying grassland fires, contributing significantly to the
understanding and management of grassland ecosystems.

Keywords: fire behavior; interconnected model; fire spread speed; environmental factor

1. Introduction

Grasslands cover approximately 40% of the Earth’s total land area [1]. In China, grass-
lands account for 41.4% of the country’s land area [2]. They are rich in water, carbon, and
energy resources, making them significant contributors to carbon balance, environmen-
tal protection, and industrial production [3,4]. As an integral component of ecosystem
succession, wildfires have the potential to significantly impact terrestrial and global ecosys-
tems [5]. These events can lead to alterations in the composition and structure of vegetation
within ecosystems, as well as influence climate change and the carbon cycle. Grassland fire
is a crucial ecological factor in grassland ecosystems and has a profound impact on their
development, succession, and extinction [6,7]. While the proper use of fire resources can
yield positive ecological outcomes, uncontrolled fires pose a significant threat to public
safety and property [6,8].

Grassland fires are destructive, widespread, and challenging to extinguish and miti-
gate [9]. Their frequent occurrence has adverse effects on the grassland ecosystem, such as
increased soil water evaporation, hindrance of vegetation regrowth, and loss of vegetation
cover [10].To gain a comprehensive understanding of the spatial and temporal distribution
of grassland fires and their spread and impact, it is essential to manage fires in a scientific,
effective, and rational manner [11,12]. This underscores the importance of studying fires
scientifically. Global warming is believed to exacerbate the severity and frequency of
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wildfires in both the short and long term, thereby increasing their hazardousness [13–15].
Simultaneously, climate plays a crucial role in influencing the flammability and availability
of fuels [16,17]. Given the significant impact of climate on fire dynamics [18,19], it becomes
imperative to quantify the influence of climatic factors on wildfires, to enhance prevention
and ensure an effective response to fire incidents [20,21].

Grassland fires have a significant impact on global vegetation change and carbon
balance, making them a crucial focus of current research [7]. Various parameters are used
to quantify the magnitude of the fire, including fire spread rate, fire area, and fire radiation
intensity [22]. Numerous studies have been conducted to describe, measure, and model
these parameters [22]. The first empirically based model of fire behavior was proposed by
McArthur and is still widely used today with some adjustments and refinements [23]. Ch-
eney further developed this model and established a parameterization model for fire, which
includes equations describing the relationship between wind speed and fire spread rate, as
well as other environmental factors such as temperature and relative humidity [24]. Zhou
updated the model parameters by applying Cheney’s model to a mowing field [25]. Miguel
improved the model parameters based on Cheney’s model and used linear regression to
establish the relationship between critical wind speed and fire spread rate, demonstrating
that the magnitude of wind speed influences fire spread rate [26]. Although this model
provides a simple way to determine fire spread rate based on wind speed, it does not
consider fire area.

In contrast, Arroa et al. differentiated fire spread rate based on wind direction, dividing
it into downwind spread rate, upwind spread rate, and spread rate perpendicular to the
wind direction [27]. Assuming the fire area to be an ellipse, they used the aspect ratio of the
ellipse to establish a link between downwind spread rate and spread rate perpendicular
to the wind direction. This allowed them to construct a relationship between fire area
and downwind spread rate. Li further improved this model by incorporating the head-to-
head ratio of the ellipse as a parameter, successfully establishing the relationship between
downwind spread rate and upwind spread rate, thus refining the model [28]. However,
this model is more suitable for large-scale applications, and the accuracy of fire spread rate
calculations may be insufficient. Additionally, the influence of temperature on fire is not
considered in this model.

In this paper, Li’s and Miguel’s models are coupled to establish a model of fire response
to the environment on a small scale, and the Hulunbuir Grassland fire is used as an example
for validation. The model covers variables such as temperature, relative humidity, critical
wind speed, etc. Under the assumption that the fire area is an ellipse, the nature of the
ellipse is utilized to establish the relationship between the environmental factors and
the fire spreading speed, the relationship within the fire spreading speed, and finally,
the relationship between the environmental factors and the area is obtained, and several
specific functions are formed. The paper’s structure is summarized as follows. Section 2
introduces a pioneering parametric coupled model for fire, while Section 3 elaborates on
the results utilized to compare our model with existing ones and scrutinizes the outcomes.
The conclusion is then presented in the final section.

2. Materials and Methods

In this section, we introduce a model tailored for small-scale scenarios, enabling
precise quantification of individual fires. The model delivers real-time estimations of fire
spread rate and area, contributing to an improved understanding of fire behavior and the
facilitation of effective fire control measures. The subsequent discussion will initially outline
the process of parameterizing the model, elucidating the construction of the framework by
integrating the existing model and coupling it to create a novel model. Subsequently, the
input, process, and output variables of the model will be precisely specified.
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2.1. The Fuel Moisture φM

The parameterization process of the model involves quantifying the effects of temper-
ature and relative humidity on the occurrence and spread of fire. Both these factors play a
significant role in determining the likelihood and rate of fire propagation.

To quantify the effect of temperature, the model considers the evaporation of water
from combustible materials. As the temperature increases, the evaporation rate also in-
creases, leading to a higher possibility of fire. However, it is important to note that a certain
starting temperature is required for the occurrence of fire.

Relative humidity also plays a crucial role in fire occurrence and spread. When the
humidity exceeds 70%, it becomes difficult for fires to occur. Higher levels of humidity
inhibit the evaporation of water from combustible materials, reducing the likelihood of
ignition.

In order to incorporate the effects of temperature and relative humidity into the
model, the fine dead grass moisture content (MC) is used. This parameter represents the
amount of moisture present in the fine dead grass, which is a key factor in determining the
flammability of the grass. By quantifying the moisture content, the model can accurately
assess the likelihood and rate of fire spread.

The fine dead grass moisture content MC (%) [24] is:

MC = 9.58 − 0.205T + 0.138RH (1)

where T is the temperature (◦C), RH is the relative humidity (%).
The fuel moisture φM (Figure 1) [24] is estimated by

φM =


e−0.108MC, MC < 12%
0.684 − 0.0342MC, MC ≥ 12%, w < 10 km · h−1

0.547 − 0.0228MC, MC ≥ 12%, w ≥ 10 km · h−1
(2)

The specific functional equation is

φM =


e0.02214T−0.014904RH−1.03464, MC < 12%
0.007011T − 0.0047196RH + 0.356364, MC ≥ 12%, w < 10 km · h−1

0.004674T − 0.0031464RH + 0.328576, MC ≥ 12%, w ≥ 10 km · h−1
(3)

where w is the instantaneous near-surface (10 m) wind speed (km · h−1). φM can reflect the
influence of the real-time weather conditions on fire. As can be seen from the formula, its
impact on fire is also restricted by wind speed.

Figure 1. (a) The image of φM is obtained when the moisture content (MC) is less than 12%. (b) The
image of φM is obtained when the moisture content (MC) is greater than or equal to 12% and the
wind speed (w) is less than 10 km · h−1. (c) The image of φM is obtained when the moisture content
(MC) is greater than or equal to 12% and the wind speed (w) is greater than or equal to 10 km · h−1.
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2.2. The Effect of the Curing Coefficient φC

The following formula is to quantify the effect of the curing coefficient [24].

φC =
1.036

1 + 103.99e−0.0996(c−20)
(4)

where c is the degree of curing of grass (%).
In Hulunbuir Grassland, fires are more likely to occur between May and October. The

condition of the grass plays a significant role in fire occurrence, with fires typically not
occurring when the grass is less than 20% cured. In fact, the degree of grass curing directly
influences the probability of fire occurrence. As the degree of grass curing increases, the
likelihood of fire occurrence also increases.

2.3. the Effect of Wind Speed on Fire Speed

Upon establishing the influence of meteorological and fuel conditions on fire behavior,
the subsequent analysis focuses on the impact of wind speed on fire spread.

The fire burning area is conceptualized as an ellipse, with the wind direction repre-
senting the major axis and the direction perpendicular to the wind direction representing
the minor axis. The ignition point of the fire is positioned at the focal point of the major
axis. This configuration is visually depicted in Figure 2.

Figure 2. The shape of the fire burning area.

Given a specific wind direction, the speed at which the fire spreads is illustrated in the
following diagram.

l = lp + lb (5)

dlp

dt
= up,

dlb
dt

= ub,
dω

dt
= 2v (6)

where l is the length of the major axis, ω is the length of the short axis. up is the downwind
speed, and ub is the upwind speed. The downwind spread speed of the fire is directly
influenced by the wind speed, with higher wind speeds resulting in a greater downwind
spread speed. On the other hand, the upwind spread speed is a fraction of the wind speed.
Additionally, the natural spread speed of the fire, denoted as v, remains independent of the
wind speed.

By adopting the focal point as the origin and employing the long and short axes as
the coordinate system, the spreading velocity of individual points at the periphery of the
burning area can be ascertained (Figure 3). As an illustrative example, we shall consider
point E.
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Figure 3. Spreading velocity analysis of the burning area periphery.

Hence,
ve = up cos θ + v sin θ − ub cos θ

Here, θ represents the angle formed by the line connecting the point and the fire point
with the long axis.

Notably, when w = 0, all points exhibit identical velocities. Consequently, the burning
area assumes a circular shape with the fire point serving as its center. In this scenario, the
equations undergo the following modifications:

LB = 1, up = ub = v, ve = v cos θ

a = v2πτ2

Assuming the fire spread area takes the shape of an ellipse, the ratio of its length to
breadth (LB) determines the shape of the ellipse. In this study, the LB ratio is associated
with the fire speed, thus influencing the overall shape of the fire spread area.

LB =
l
ω

=
lp + lb

ω
=

up + ub

2v
(7)

In this study, we let
LB = 1.063w0.473 (8)

where w is the instantaneous near-surface (10 m) wind speed.

2.4. The Fire Spread Speed

In the subsequent analysis, the rate of fire spread is classified into three categories
based on the correlation between the rate of fire spread and the direction of the wind:
downwind spread, upwind spread, and perpendicular to the wind of spread. The specific
details are elaborated upon below.

2.4.1. The Downwind Spread up

The downwind spread rate is most affected by the wind speed at the time of the
fire [26]. It is given as

up =

{
(0.054 + 0.209w)φMφC, w < 5 km · h−1

(1.1 + 0.705(w − 5)0.844)φMφC, w ≥ 5 km · h−1 (9)

By utilizing this model, a more comprehensive depiction of the influence of wind
speed on fire behavior can be elucidated.
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Where

φM =


e−0.108MC, MC < 12%
0.684 − 0.0342MC, MC ≥ 12%, w < 10 km · h−1

0.547 − 0.0228MC, MC ≥ 12%, w ≥ 10 km · h−1
(10)

φC =
1.036

1 + 103.99e−0.0996(c−20)
(11)

2.4.2. The Fire Spread Speed Perpendicular to the Wind Direction v

In this modeling, we assume that under conditions of complete stillness, where there
is no wind (w = 0), the fire will originate at the fire point and spread uniformly to the
surrounding area at a consistent rate. After a certain period of time, the overfire area will
take on a circular shape. The rate of spread perpendicular to the wind direction remains
similar to that in the absence of wind, as both rates are unaffected by wind. Thus, we
consider the rate of fire spread in the absence of wind to be equivalent to the rate of fire
spread perpendicular to the wind direction. Thus, The fire spread speed perpendicular to
the wind direction v is

v = up, when w = 0

=

{
0.054φMφC, w < 5 km · h−1

(1.1 + 0.705(−5)0.844)φMφC, w ≥ 5 km · h−1

(12)

The functional equation that governs the proposed model can be expressed as follows:

v =



0.055944e0.02214T−0.014904RH−1.03464

103.99e1.992−0.0996c + 1
, MC < 12%

0.055944(0.007011T − 0.0047196RH + 0.356364)
103.99e1.992−0.0996c + 1

, MC ≥ 12%, w < 10 km · h−1

0.055944(0.004674T − 0.0031464RH + 0.328576)
103.99e1.992−0.0996c + 1

, MC ≥ 12%, w ≥ 10 km · h−1

(13)

2.4.3. The Upwind Spread ub

Combined with Equations (3)–(12), ub can be expressed in the following form.

ub = 2LBv − up (14)

We define

λ(T, RH) =


e0.02214T−0.014904RH−1.03464, MC < 12%
(0.007011T − 0.0047196RH + 0.356364), MC ≥ 12%, w < 10 km · h−1

(0.004674T − 0.0031464RH + 0.328576), MC ≥ 12%, w ≥ 10 km · h−1
(15)

γ(c) =
1

(103.99e1.992−0.0996c + 1)
(16)

δ(w) =

{
0.118937w0.473 − 1.036(0.209w + 0.054), w < 5 km · h−1

0.118937w0.473 − 1.036(0.705(w − 5)0.844 + 1.1), w ≥ 5 km · h−1 (17)

Through the process of calculation, we derive a precise formula for the parameter ub
as follows:

ub = λ(T, RH)γ(c)δ(w) (18)
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2.5. The Area of Fire Spread s

In summary, by integrating the functions of up, ub, and v with temperature, wind
speed, relative humidity, and the degree of grass curing, along with the duration of the fire
occurrence, it becomes possible to obtain a comprehensive understanding of the area of fire
spread and its relationship to these variables.

With fire duration of time τ, the fire burning area can be described as

s = π
l
2

ω

2

=
π

2
(up + ub)vτ2

(19)

The function can be found that all these factors (temperature, relative humidity, wind
speed, and the degree of curing of grass) have a direct effect on the fire spread area. We can
extract the formula for the effect of each factor on the fire spread area. Among them, the
influence of relative humidity and temperature on the fire spread area is the most complex.

We define

λ2(T, RH) =


e0.04428T−0.029808RH−2.06928, MC < 12%
(0.007011T − 0.0047196RH + 0.356364)2, MC ≥ 12%, w < 10 km · h−1

(0.004674T − 0.0031464RH + 0.328576)2, MC ≥ 12%, w ≥ 10 km · h−1
(20)

µ(c) =
0.0033269

(103.99e1.992−0.0996c + 1)2 (21)

κ(w) = w0.473 (22)

Therefore, the function of the area of fire spread can be formulated in terms of this variable.

s = λ2(T, RH)µ(c)κ(w)πτ2 (23)

The image of the influence function of each factor can be seen in the figure below. The
correlation between fire area and this influencing factor can be clearly seen based on their
images (Figures 4 and 5).

Figure 4. (a) The image of λ is obtained when the moisture content (MC) is less than 12%. (b) The
image of λ is obtained when the moisture content (MC) is greater than or equal to 12% and the wind
speed (w) is less than 10 km · h−1. (c) The image of λ is obtained when the moisture content (MC) is
greater than or equal to 12% and the wind speed (w) is greater than or equal to 10 km · h−1.
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Figure 5. The visualization of µ(c) and κ(w).

2.6. Modeling Process

The fire parameterization scheme proposed in this study (Figure 6) involves four
input variables: wind speed (w), relative humidity (RH), temperature (T), and grass
curing degree (c). Assuming the fire area can be approximated as an ellipse, the length-to-
breadth ratio (LB) of the fire spread area can be determined based on the wind speed. The
relative humidity and temperature values are used to estimate the fine dead grass moisture
content (MC) and fuel moisture (φM), respectively. Additionally, the curing coefficient
(φC) is derived from the grass curing degree. Using these calculated parameters, different
functions are employed to determine the corresponding fire spread speeds. The fire spread
area is then obtained by considering the average fire spread speed and the duration of the
fire occurrence.

All factors, including temperature, relative humidity, wind speed, and the degree
of grass curing, have a direct impact on the fire spread area. Through data analysis and
further research, it is possible to derive formulas that quantify the effect of each factor on
the fire spread area.

However, it is important to note that the influence of relative humidity and tempera-
ture on the fire spread area tends to be more complex and multifaceted compared to other
factors. Relative humidity affects the moisture content of the fuel, which in turn affects its
flammability. Higher relative humidity can inhibit the spread of fire by reducing the fuel’s
ability to ignite and sustain combustion. Conversely, lower relative humidity can increase
the fire spread area due to drier fuel conditions.

Similarly, temperature plays a critical role in fire behavior. Higher temperatures can
accelerate fuel drying, making it more susceptible to ignition and promoting faster fire
spread. Additionally, higher temperatures can enhance convective heat transfer, leading to
more intense fire behavior and larger fire spread areas.

The wind exerts a definitive influence on the speed and spatial extent of fire propaga-
tion in all directions, significantly impacting the shape and dimensions of the fire spread
area. Higher wind speeds correspond to increased downwind spread rates and expanded
downwind spread areas, resulting in the elongation of the major axis of the fire spread area,
as demonstrated by a more “flattened” ellipse in graphical representations.
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To derive precise formulas for the effect of relative humidity, temperature, wind speed,
etc. on the fire spread area, extensive research, data analysis, and modeling techniques are
typically employed. These formulas take into account the complex interactions between
these factors, as well as other variables, to provide a comprehensive understanding of their
influence on fire spread.

Figure 6. Input, process, and output variables in the model.

3. Results and Discussion
3.1. Test Sites

The Hulunbuir Grassland (47.08◦–53.23◦ N, 115.22◦–126.06◦ E) is situated in the north-
eastern part of the Inner Mongolia Autonomous Region, and forms a part of the Mongolian
Plateau. The topography is characterized by slightly higher terrain in the southeast, sloping
gently towards the northwest, and slightly lower elevation in the central region [29]. The
climate is classified as temperate continental monsoon, with an average annual temperature
ranging from −3 to 0 ◦C and annual precipitation of 250 to 400 mm [30]. Abundant water
resources are present in the region, encompassing over 3000 large and small rivers as well
as more than 500 lakes. The total grassland area spans 6.71 million hectares, constituting
12.36% of the entire grassland area within the autonomous region. The vegetation cover of
the grasslands in Hulunbuir City, where the grassland is situated, is recorded at 76.15%
(2023). The vegetation types within the area range from temperate meadow grassland and
temperate typical grassland in the east to low flatland meadows, mountain meadows, and
swamps in the west. Hulunbuir Grassland is a renowned tourist destination and a crucial
hub for scientific research vulnerable to fire disasters.

On average, the region experiences around 430 grass fires per year, resulting in a total
overfire area of about 1,111,717 hectares [31]. Human-caused fires are the dominant type
in this area, with the highest frequency occurring in March and April, making spring and
summer the most fire-prone seasons. Fires pose a significant threat in Hulunbuir, leading
to substantial economic losses, endangering human life and health, and resulting in a
considerable waste of financial and material resources as well as manpower.

In Inner Mongolia, the heightened wildfire activity occurs predominantly from March
through April, coinciding with the transition from winter to spring in the Northern Hemi-
sphere, marked by a gradual warming trend. Notably, northeastern China experiences a
corresponding escalation in wildfire occurrences during this period [32]. Simultaneously,
the absence of East Asian summer winds over China results in predominantly sunny and
dry weather conditions, driven by high-pressure systems, which are conducive to wildfire
incidents. Inner Mongolia’s arid climate, characterized by minimal spring rainfall and
rising temperatures, accelerates water vapor evaporation and fosters vigorous vegetation
growth. These conducive growth conditions facilitate the accumulation of combustible
materials from the flourishing vegetation [33], significantly heightening the probability
of wildfires.
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3.2. The Dataset

We conducted a selection of 29 fires that occurred in the Hulunbuir Grassland between
2012 and 2016 to validate the proposed model. These fires were observed to transpire
predominantly from March to October, with a notable concentration in the months of
March and April. The assessment of fire size necessitates a quantifiable indicator, and in
this context, fire radiative power (FRP) emerges as a pivotal parameter for gauging fire
intensity. Fire radiative power has been widely used as a proxy for fire intensity. It can be
used to characterize fire types, fire behavior, and fire states to predict fire danger [34]. This
variable is retrieved from the radiance at the 4 µm band of satellite sensors and represents
the instantaneous radiative energy that is released from actively burning fires. The latest
MODIS Collection 6 active fire product provides more scientifically reliable fire detections
and FRP retrievals [35]. Notably, higher FRP values correspond to heightened fire intensity
and a subsequent increase in associated damage. The fire radiative power of the selected
fires exhibited a range from 0.52 to 85.3 (MW), with an average value of 15.5 (MW). Detailed
information about the four parameters (w, RH, c, T) utilized in this model for the selected
data is expounded upon in the subsequent section. The fire parameterized model was
validated using data from 29 fires that occurred in the Hulunbuir Grassland, as shown in
Figure 7.

Figure 7. The fires occurring in the Hulunbuir Grassland.

The data used in the study included instantaneous near-surface air temperature (T, in
degrees Celsius) and instantaneous near-surface wind speed (w, in kilometers per hour)
obtained from the China Meteorological Forcing Dataset (CMFD) [36,37]. The spatial
resolution of this dataset is currently 0.1◦, and the temporal resolution is 3 h. The dataset
also provided relative humidity (RH, in percentage) sourced from CMADS V1.1 (the
China Meteorological Assimilation Driving Datasets for the SWAT model Version 1.1).
This version of the dataset incorporates the STMAS assimilation algorithm, which fuses
pre-processed NCEP/GFS background data and automatic station observations using the
STMAS algorithm [38]. The spatial resolution of the dataset is 0.25◦, and the temporal
resolution is daily [39]. Additionally, the data included information on the degree of curing
(c, in percentage). The curing values were estimated intuitively as they are not directly
measured in the field.



Fire 2024, 7, 154 11 of 17

To ensure the accuracy and reliability of the data, real-time meteorological conditions
closer to the satellite detection sites and detection times were considered. Fires that were
farther away from the site and detection time were excluded from the analysis. After
applying the data selection criteria and removing duplicate fires, a total of 29 wildfire
observations were included in the dataset for this study. The selected grasslands had a
degree of curing (c) greater than 80%. These fires occurred in different seasons and years,
with varying environmental factors.

The average wind speed (w) was found to be 17.7 km · h−1, ranging from 5.7 to
30 km · h−1. The average air temperature (T) was 9.1 ◦C, ranging from −1.1 to 28.9 ◦C. The
average relative humidity (RH) was 38.1%, ranging from 18.2 to 61.3%. The estimated mois-
ture content (MC) ranged from 10.0 to 16.5%. Table 1 provides basic statistical information
for the analyzed dataset.

Table 1. Variable statistics.

Variable Mean Range Unit of
Measurement

w 17.7 5.7–30 km · h−1

T 9.1 1.1–28.9 ◦C
RH 38.1 18.2–61.3 %
MC 12.9 10.0–16.5 %

3.3. Results

Through model calculations, it was observed that temperature and wind speed exert a
positive influence on the extent of fire propagation. Specifically, higher temperatures and
increased wind speeds were found to correspond to a larger area of fire spread. Conversely,
relative humidity exhibited an inverse relationship, with higher moisture content leading
to a deceleration in the rate of fire spread. The outcomes derived from this model will be
juxtaposed with the field-measured data in the Hulunbuir Grassland. Furthermore, this
study includes a comparison with Li’s [28] and Zhou’s [25] models for comprehensive
analysis. The Pearson correlation coefficient (R) was selected as the method for comparing
the accuracy of several models. Table 2 and Figure 8 present the corresponding results
obtained using our model, which demonstrate a higher level of consistency with the
observed fire spread speed in the Hulunbuir Grassland. In contrast, Li’s model and Zhou’s
model, which also incorporate fire speed measurements to estimate fire area, were selected
and evaluated using the same fire data (Figure 9).

Table 2. The fire spread speed.

Speed Mean Range Unit of
Measurement

up 1.99 1.11–3.03 km · h−1

ub 1.55 0.35–2.33 km · h−1

v 0.43 0.26–0.57 km · h−1

To verify the effectiveness of the model, five fires of varying intensities that occurred
in different locations within the Inner Mongolia Autonomous Region between 2015 and
2023 were selected for analysis. The predicted fire spread areas generated by three distinct
models, including the model proposed in this paper, were compared with the actual fire
spread areas (see Table 3 and Figure 10). The results demonstrate that our model closely
aligns with the actual fire outcomes. In contrast, the values projected by Li’s and Zhou’s
models tend to underestimate the actual fire outcomes.
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Table 3. Comparison of actual fire spread area and model-predicted fire spread area.

Location Time Actual Area New Model Li’s Zhou’s

Manzhouli City 16 April 2015 59.99 60.29 4.44 0.77
Old Barag Banner 17 May 2017 33.56 30.35 0.20 0.61

New Barag Left Banner 11 September 2022 71.62 73.94 0.48 1.57
East Ujimqin Banner 8 April 2023 601.69 606.44 12.28 19.64

Old Barag Banner 1 May 2023 100.32 106.37 1.61 1.57

Figure 8. The computed fire spread speed.

Figure 9. The comparison of the calculations per unit fire spread area among three models.

Figure 10. Comparison of observed fire spread area and model-predicted fire spread area.
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3.4. Comparison of Models

Li’s model represents a class of moderately complex models. It is rooted in the fire
occurrence process, incorporating constraints such as fuel moisture and wind speed. This
model is integrated within the Dynamic Global Vegetation Model IAP-DGVM. It has
demonstrated strong performance in simulating global carbon fluxes. Zhou’s study in the
Hulunbuir Grassland shares the same experimental area as the present article. Zhou’s
study resulted in the development of a model for quantifying fire area. By comparing
with theirs, the results indicate the superiority of our model. The correlation coefficients
between the fire radiative power and the fire spread area per unit of time, as simulated
by Zhou’s and Li’s models, are 0.3498 and 0.3817, respectively. The correlation coefficient
between the fire spread area per unit of time and the fire radiative power, as simulated by
the coupled model, is 0.6016.

We evaluated the performance of the new fire parameterization scheme by comparing
its simulation results with those of the fire parameterization models developed by Li and
Zhou. The results demonstrate that the correlation between the simulated average burning
area per unit of time (new model: Cor = 0.6016) and fire radiative power is higher than the
correlation between Li’s and Zhou’s fire models (old models: Cor = 0.3817, Cor = 0.3498)
and fire radiative power. Compared to Li’s and Zhou’s fire parameterization models, the
new fire parameterization not only provides more accurate simulations of fire spread rate
and area but also exhibits a higher correlation with fire radiative power in terms of fire
spread area per unit of time. These findings indicate that the new fire parameterization
scheme can improve fire simulation accuracy.

A prominent characteristic of this model is its suitability for simulating and predicting
fire occurrences on a small scale at specific locations, as the data utilized is specific to
those individual points, rendering it a point-to-point model. The development of this
fire model in our study offers a method for quickly assessing and predicting fire spread
speed and area. This model enables the establishment of a rapid relationship between
real-time conditions and fire behavior. The inclusion of a small number of parameters in
the model assists firefighters in better calculating and predicting fire spread. The model is
applicable throughout the day and can predict fires in different months. Furthermore, the
results of our study have broader implications beyond operational fire spread prediction.
The validation of the fire model using fire radiative power in the Hulunbuir Grassland
demonstrates its suitability for analyzing fire occurrence in this region (Pearson correlation
coefficient: 0.6016).

3.5. Evaluation

Our model employs an innovative approach by integrating Li’s and Miguel’s models
to address the challenge of fire measurement on smaller scales. The proposed model
demonstrates improved accuracy in estimating fire spread, computational efficiency, and
enhanced interpretability. These advancements contribute to a better understanding of
fire behavior and enable more effective fire control measures, particularly in the context of
the Hulunbuir Grassland fire. Additionally, the new fire parameterization model in this
study provides specific and feasible function formulas for calculating the fire spread rate in
all directions, including the downwind direction, upwind direction, and perpendicular to
the wind direction. Li’s and Zhou’s models provide detailed descriptions of the two fire
parameterization scenarios, respectively. Compared to the coupled model in this paper,
both Li’s and Zhou’s tend to underestimate the fire spread rate and fire spread area per unit
of time. This can be seen in Figure 9. The robust generalization capability of the current
model is evidenced through simulations conducted in various regions of Inner Mongolia,
excluding Hulunbuir.

In the contemporary context, human management of fire is on the rise, owing to
advancements in fire detection and suppression technologies. Fire, as a natural force,
presents a dual nature: while it can have detrimental effects on the environment and
resources, controlled fires can expedite the regeneration of grassland ecosystems and



Fire 2024, 7, 154 14 of 17

stimulate vegetation growth. Accurate quantification of fire dynamics holds the potential
to enhance fire management strategies, effectively curbing fire spread while simultaneously
addressing human requirements. The application of this model to analyze small-scale
grassland fires holds promise for facilitating the prediction and management of such fires,
thereby contributing to a deeper comprehension of the carbon cycle within grassland
ecosystems and terrestrial ecosystems at large.

The error level ascertained from this model demonstrates a lower magnitude in
comparison to assessments made by alternative models. Our chosen Hulunbuir Grasslands
exhibit a predominantly flat terrain, distinguishing them from areas characterized by forests,
bushes, or other topographies. Consequently, topographic influences are relatively minimal
in this region. In such flat landscapes, the velocity of wind holds significant sway over the
propagation of fires, a factor that our model delves into comprehensively. It is important
to note that our current analysis is focused solely on the Hulunbuir region. Nevertheless,
the diversity in grass fuel composition across semi-arid, grassland, and temperate regions
globally, where grass fires are prevalent, mirrors the spectrum of conditions found in
Hulunbuir [40,41]. Hence, based on the similarity in fuel structure, no apparent constraints
limit the application of our model solely to the Hulunbuir Grasslands [42–45].

Similar grasslands thriving in analogous temperate environments with corresponding
fuel compositions can be deemed suitable for the utilization of our model. The model
necessitates only four key input variables: temperature, precipitation, wind speed, and
curing degree. Once the current time’s data (or daily average) is accessible, the model can
effectively estimate the rate of fire spread. In this light, the model can be integrated into a
broader system seamlessly, provided the necessary input variables are at hand. However,
it is essential to acknowledge that the model’s efficacy lies in assessing fires that have
transpired or are ongoing; it cannot effectively predict situations where fires do not occur.

4. Conclusions

In this paper, we have developed a process-based medium-complexity fire parameteri-
zation scheme. It is suitable for small-scale fine-scale change studies. We identified wind
speed as a crucial factor influencing fire spread rate. By considering the relationship be-
tween the spreading direction and wind direction, we decomposed the fire spread rate into
three categories: downwind spreading rate, upwind spreading rate, and rate perpendicular
to the wind direction. Furthermore, we incorporated the influence of environmental factors,
such as temperature and relative humidity, into the calculation model for fire downwind
spread rate. Assuming the post-fire area to be elliptical, we determined the relationship
between fire spread rates using mathematical properties of ellipses and derived parametric
equations for the three types of fire spread rates. The burning area of a fire is determined
by the average fire spread rate and fire duration, and the burning area per unit of time is
estimated from the fire spread velocity. Environmental factors, such as wind speed, are
incorporated into the calculation of fire spread speed, enhancing the mathematical ap-
proaches for the quantitative investigation of grassland fires and expanding the possibilities
for studying such fires.

The time unit utilized in this model for predicting fire area is the hour. Consequently,
more accurate predictions are achievable when the forecast duration exceeds half an hour
or more. For fires of shorter duration, particularly those characterized by minor area
fluctuations due to varying wind speeds, the model’s ability to capture these nuances is
limited. This model primarily focuses on the impact of wind speed on the spread of fires.
It is imperative to ensure the consistency of wind direction when analyzing real-world
scenarios and utilizing this model. The applicability of this model is hindered in cases
where wind direction fluctuates during the progression of a fire. This model demonstrates
superior capabilities in enhancing the precision of fire spread area estimation. By refining
the accuracy of fire spread area determination, the spatial scope of model calculations
can be effectively constrained. In the context of air quality (AQ) modeling, the precise
delineation of the fire-affected area and the extent of its impact play a pivotal role in shaping
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the simulation of fire-related pollutant transport and dispersion within the atmosphere.
Enhancing the precision of fire spread area quantification is instrumental in optimizing
the efficiency and accuracy of model computations, thereby facilitating more effective
atmospheric prediction. The synergistic integration of this model with AQ modeling
constitutes a key area of focus for future research endeavors.

In our forthcoming research, it will be imperative to augment the dataset with addi-
tional information on grassland wildfires, enabling ongoing evaluation and enhancement of
the model using independent data. Furthermore, our focus will encompass the exploration
of grassland fire models applicable to a broader spectrum of fire durations. This approach
will enable us to forecast and manage a wider array of grassland fires, yielding improved
operational outcomes.
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