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Fire behavior simulation of Xintian forest fire in 2022 using WRF-fire model









 


	
	
ORIGINAL RESEARCH
published: 06 August 2024
doi: 10.3389/ffgc.2024.1336716








[image: image2]

Fire behavior simulation of Xintian forest fire in 2022 using WRF-fire model

Hongmei Hu1, Xiangwen Deng1,2,3*, Gui Zhang4, Lanbo Feng4, Jun Long5, Ziming Li5, Yu Zhu1,2,3 and Yiying Wang1*


1College of Life and Environmental Science, Central South University of Forestry and Technology, Changsha, Hunan, China

2Huitong National Field Station for Scientific Observation and Research of Chinese Fir Plantation Ecosystem in Hunan Province, Huitong, China

3National Engineering Laboratory for Applied Technology of Forestry & Ecology in South China, Changsha, China

4Faculty of Science, Central South University of Forestry and Technology, Changsha, Hunan, China

5Hunan Forest & Grassland Fire Monitoring, Dispatch and Evaluation Center, Changsha, Hunan, China

Edited by
 Michael Vrahnakis, University of Thessaly, Greece

Reviewed by
 Gianni Pagnini, Basque Center for Applied Mathematics, Spain
 Bambang Hero Saharjo, IPB University, Indonesia
 Lailan Syaufina, IPB University, Indonesia

*Correspondence
 Xiangwen Deng, dxwfree@126.com 
 Yiying Wang, grainwyy@163.com

Received 11 November 2023
 Accepted 03 July 2024
 Published 06 August 2024

Citation
 Hu H, Deng X, Zhang G, Feng L, Long J, Li Z, Zhu Y and Wang Y (2024) Fire behavior simulation of Xintian forest fire in 2022 using WRF-fire model. Front. For. Glob. Change 7:1336716. doi: 10.3389/ffgc.2024.1336716
 

Introduction: The behavior of forest fire is a complex phenomenon, and accurate simulation of forest fire is conducive to emergency response management after ignition. In order to further understand the characteristics of forest fire spread and the applicability of WRF-Fire in China, which is a coupled fire-atmospheric wildfire model, this study simulated a high-intensity forest fire event that occurred on October 17, 2022 in Xintian County, southern Hunan Province.

Methods: Based on the fire-atmosphere coupled WRF-Fire model, we used high-resolution geographic information, meteorological observation and fuel classification data to analyze the forest fire behavior. At the same time, the simulation results are compared with the fire burned area observed by satellite remote sensing forest fire monitoring data.

Results: The study found that, the simulated wind speed, direction and temperature trends are similar to the observation results, but the simulated wind speed is overestimated, the dominant wind direction is N, and the temperature is slightly underestimated. The simulated wind field is close to the actual wind field, and the simulation results can show the spatial and temporal variation characteristics of the local wind field under complex terrain while obtaining the high-resolution wind field. The simulated fire burned area is generally overestimated, spreading to the north and southwest compared with the observed fires, but it can also capture the overall shape and spread trend of the fire well.

Discussion: The results show that the model can accurately reproduce the real spread of fire, and it is more helpful to forest fire management.
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1 Introduction

Forest fire is one of the most dangerous natural disasters at present (Zhang et al., 2023). Forest fire not only destroys the forest ecosystem, but also causes great loss to life, property and ecological environment (Turco et al., 2019; Sakellariou et al., 2020; Zong et al., 2022). Therefore, it is of great significance to prevent the occurrence of forest fires and control the harm of fires to maintain the sustainable development of social economy. We are also carrying out various efforts and research. Recently, the prediction of forest fires and the scheduling of fire extinguishing resources have attracted the attention of many scholars. Many researchers are committed to establishing accurate forest fire spread prediction models, and guide the formulation of correct fire extinguishing measures (Williams et al., 2013; Jellouli and Bernoussi, 2022; Michael et al., 2022; Xu et al., 2022). However, forest fire spread is a complex process, which involves many chemical changes, and it is difficult to accurately analyze and predict forest fire spread (Muñoz-Esparza et al., 2018).

The main surface forest fire spread models in the world are Rothermel model (USA), McArthur model (Australia), Canadian forest fire spread model and physical wildland fire model. The Rothermel model is a physical model that follows the energy conservation law. It mainly studies the spread of the flame front without considering the continuous combustion of the fire scene (Rothermel, 1972). The McArthur model is a mathematical description of the McArthur’s fire danger meters by Noble I R. It is a quantitative relationship between forest fire spreading speed and various parameters derived from multiple ignition experiments, which belongs to a semi-mechanism and semi-statistical model. Although it can predict fire weather and some important fire behavior parameters, its scope of application is extremely limited, only suitable for grassland and eucalyptus forest (Noble et al., 1980). The Canadian Forest Fire Danger Rating System was developed based on the theory of Canadian forest fire behavior. It is through hundreds of experiments and observations, derived forest fire rate of spread (ROS) equation. It consists of four subsystems: forest fire behavior prediction (FBP), forest fire weather index (FWI), forest fire occurrence prediction (FOP), and fuel moisture (AFM). The spreading speed equations are different for different types of fuels, and each equation is independently dependent on the initial spread index (ISI) (Forestry Canada Fire Danger Group, 1992). The physical wildland fire model is based on the basic physical laws to establish a mathematical representation of fire propagation. The physical laws captures the critical and general behavior of the fire, as well as its interaction with the surrounding environment, and enables predictions of its behavior and spread under arbitrary conditions to be made (Sullivan, 2019). In these four models, the Rothermel model comprehensively considers the forest material, fuel humidity, wind speed and other factors, which has high reference value and has been widely used (Rothermel, 1972). Based on the Rothermel model, the more widely used forest fire spread models include FARSITE (Finney, 1998), BehavePlus (Andrews, 1986, 2007; Heinsch and Andrews, 2010), HFire (Fei and Jimy, 2001; Morais, 2001), and WRF-Fire (Mandel et al., 2011; Kochanski et al., 2021).

The above research work shows that the meteorological conditions as driving factors are provided to the combustion model in an offline form, which cannot characterize the feedback mechanism between the fire field and the environmental field. This directly limits the application of these models in the operational prediction of fire spread, and the coupling of the WRF and the fire spread model (WRF-Fire) solves this problem (Coen et al., 2013; Bakhshaii and Johnson, 2018; Jellouli and Bernoussi, 2022). WRF-Fire uses the Rothermel model with a wide range of applications. The Rothermel model follows the energy conservation law, and the model has a high degree of abstraction. It basically includes all the factors that can affect the fire behavior, and considers various physical and chemical details of forest fire spread (Rothermel, 1972). The WRF-Fire numerical model uses the Anderson fuel model classification method (three Grass and grass-dominated, four Chaparral and shrub fields, three Timber litter and three Slash) (Anderson, 1982). This method measures the physical parameters of 13 types of fuels through experiments, such as different component loads, water content, so as to obtain the combustion heat and determine the spreading speed of the fire line (Coen et al., 2013). WRF-Fire can also homogenize the fuel in space by using the same fuel category for the whole region, so as to change the fuel characteristics and add custom fuel categories. For real data, the spatial heterogeneity of fuel categories can be mapped to the region from the fuel mapping datasets. It can set the number of ignitions, time, location and shape, and the moisture content of the fuel, which is an important factor affecting fire behavior (Jiménez et al., 2018; Li et al., 2022). Based on this model system, a series of research results have been obtained. Chang-Bok Rim et al. demonstrated the use of WRF-Fire model to establish a real-time forest fire forecasting system and its application potential in a certain area of North Korea based on the existing conditions and the meteorological conditions of the fire monitoring station (Rim et al., 2018). Beezley et al. simulated the forest fire process in Colorado, indicating that the model has the ability to simulate the spread of real fire (Beezley et al., 2010). José et al. evaluated the influence of input values on the accuracy of WRF-Fire simulation by simulating fire behavior in Spain (José et al., 2014). The results confirmed that the use of accurate meteorological data and fuel moisture content model is the key to accurately simulate fire behavior. Dobrinkova et al. simulated the forest fire process in Bulgaria, and the results show that WRF-Fire has greatly improved the simulation of forest fires when the data is not very sufficient (Dobrinkova et al., 2010). High spatial resolution fuel classification data is the basis for quantitative simulation and prediction of fire spread. For example, the United States has publicly released basic database with 30 m spatial resolution fuel classification, and constantly updated.1 However, there is still a lack of fuel type standards and basic databases at the national and regional levels in China (Liu et al., 2018). At the same time, there are few reports on the interaction between fire and meteorological conditions.

Therefore, in order to improve the accuracy of forest fire spread prediction, this paper utilizes high-resolution surface cover data mapped with Anderson fuel model, and then determines specific fuel type based on the survey data of forest fuel fixed sample plots in the hilly area of southern Hunan. The WRF-Fire numerical model is used to study the spread process of Xintian forest fire, which provides theoretical support and technical guidance for forest fire spread prediction and the suppression of fires in the hilly area of southern China.



2 Materials and methods


2.1 The study region

Xintian is a county under the jurisdiction of Yongzhou City, Hunan Province. It is located between 112°02′ ~ 112°23′E and 25°40′ ~ 26°06′N, with a total area of 1022.4 km2. Xintian is located in the northern part of the Nanling Mountains, and the terrain is low, with an altitude of 200–1,080 m. The county is surrounded by mountains, the terrain is high in the northwest and low in the southeast, and the mountainous area accounts for 36.56%. The county is rich in forest resources, and the dominant tree species on the surface are mainly Pinus massoniana Lamb. with more oil, and the forest coverage rate is 55.60% (Qiu et al., 2022). Xintian is a subtropical continental monsoon climate, the annual average sunshine hours are between 1384.1 ~ 1688.0 h. The spring forest fire prevention period is from March to June each year, and the autumn forest fire prevention period is mainly from September to November each year. During this period, the climate is dry, and the airflow field is complex. Due to the frequent occurrence of historical fires, we simulated the spread process of the ‘10·17’ fatal forest fire in Xintian. The forest fire was reported at 16: 00 on October 17, 2022, and the safety of surrounding human beings was seriously threatened. The forest fire was successfully extinguished on October 25.

The forest fire area was continuously dry and rainless, the surface vegetation and leaves were dry, and the wind speed was high in the early stage; after the fire occurs, the spread speed was fast, the local terrain is complex, and burning points is many, thus resulting in huge losses. Based on Sentinel-2 satellite data2 as monitoring scene, we used 4, 3, 2 band RGB synthetic images to verify the shape of the burned area. Sentinel-2 is a sun-synchronous orbit satellite with a revisit period of 5 days, covering 13 spectral bands. The ground resolutions of Sentinel-2 satellite data are 10 m, 20 m and 60 m, respectively (Liu et al., 2023).



2.2 Description of the Xintian fire event

On 17rd of October 2022, a forest fire broke out in the Yao nationality township (southern Hunan), under the Xintian County, Yongzhou City, Hunan Province, under the conditions of strong northerly wind flow, high temperature and low relative humidity. According to the National Meteorological Science Data Center,3 wind speeds were more than 7 m s−1 in several locations of Yongzhou that day. At approximately 0730 UTC, a forest fire was reported in Banziqiao village (Figure 1), in the northern part of Xintian County. The local settlements were evacuated, but despite the efforts of the Fire Service, the fire was active until the late hours of the 26th of October 2022, totally burning two settlements and partially another one.

[image: Figure 1]

FIGURE 1
 Post-disaster remote sensing image of the study area (red shadow was the fire area).


About 2 hours later, at 0940 UTC on 17 October, 2022, a fire spot was found in the settlement of Banziqiao village of Jiufeng Mountain. The gusts recorded by the automatic weather station (AWS) in Yongzhou (near the ignition point of the fire event) reached 5 m s−1 between 0730 and 0930 UTC. It quickly became obvious that the people were unable to operate due to the strong wind field. Under such extreme wind conditions, the fire quickly spread southward. In just 2 days, the fire spread to several surrounding towns. In addition, due to the drought in Hunan Province during this period, as well as its unique fuel types (mainly coniferous mixed forests, such as Cunninghamia lanceolata (Lamb.) Hook. and Pinus massoniana Lamb.), assisted the intensification of the event. At about 0100 UTC on 21 October, the fire on the mountain in Xintian County has been roughly extinguished, and requiring firefighters to go up the mountain to extinguish the small sparks and prevent re-ignition. At 0142 UTC fire rekindled and caused two lives. The fire was completely extinguished on 26 October, 2022, the total burned area of Xintian fire was observed to be 10520.6 ha, according to the Fire Department.



2.3 The fire prediction model


2.3.1 Model description

WRF (Weather Research and Forecast) is a new generation of non-hydrostatic balanced, high-resolution mesoscale numerical weather model system,4 developed by the US National Centers for Environmental Prediction (NCEP) and the National Center for Atmospheric Research (NCAR). It is widely used in regional and global weather, climate simulation research and operational forecasting. In the calculation process of WRF model, firstly, the static terrain data and meteorological data need to be interpolated to the established calculation grid, and the initial data and boundary data needed by the main module are generated by the real process. Then, the main module program is run to perform integral operation on the set research area and the physical process adopted, and the calculation results are output. Finally, the post-processing software is used to process and analyze the simulation results (Michalakes et al., 2001; Skamarock et al., 2005, 2008). Since version 3.2 (released in April 2010), WRF couples the fire spread model (WRF-Fire), which can simulate the occurrence of forest fire and dynamic feedback with the atmosphere, realizing the two-way feedback between fire and weather field (Coen and Schroeder, 2015). WRF-Fire is a wildland fire physics module within the WRF model that allows explicit treatment of the effects of fire on atmospheric dynamics and feedback to fire behavior; thus the simulated fire can “create its own weather.” The properties of surface fuels, local altitude and wind speed determine the speed and direction of fire propagation, while the release of heat and water vapor into the surrounding air by combustion in turn changes the meteorological elements of the near-ground (Mandel et al., 2011; Kochanski et al., 2013a; Mandel et al., 2014).

WRF-Fire adopts the Rothermel model with a wide range of applications. The Rothermel model (Rothermel, 1972) follows the heat conduction law and is a physical mechanism model based on the energy conservation law. The model is abstract, basically includes all factors that can affect fire behavior, and considers various physical and chemical details of forest fire spread. Its basic idea is that the spread of forest fire is actually the process of continuous ignition of unlit fuels in front of the flame. When the unlit fuels absorb heat and reach the ignition point of fuels, these fuels are ignited (Rothermel, 1972).



2.3.2 Model configuration and parameterization

We used the 4.2 version of the WRF model coupled with the SFIRE model to complete the atmosphere-fire simulation in this study. WRF supports a multi-grid nesting configuration, and the standard coarse-to-fine grid ratio is 3. The coupled atmosphere-fire model is run in only the finest mesh. In this case, it required a great deal of time to generate a forecast. Thus, we used a two-way nesting run configuration. The construction of nested grid domains was shown in Figure 2. The NCEP FNL analysis data of 1° × 1° four times a day are used as the initial field and boundary conditions, and the four model domains with two-way nesting are used with grid spacings of 18 km, 6 km, 2 km and 666.67 m. The fourth layer of the study area terrain data using ASTER GDEM (Advanced Space Borne Thermal Emission and Reflection Radiometer Global Digital Elevation Model), the grid resolution is about 30 m. The detailed configurations of the WRF-Fire modeling domains are given in Table 1. All of the domains are centered at coordinates (112°12′E, 26°3′36″N). There are 41 sigma vertical levels. A 180-s time step is used for the outermost domain. In the innermost grid, the fire mesh is 10 times finer than the atmospheric mesh to allow for gradual heat release into the atmosphere, even if fuel and topography data might not be available at such fine resolution (Mandel et al., 2011).

[image: Figure 2]

FIGURE 2
 The map showing the nested domain configuration that was used in the WRF-Fire experiments. The configuration has coarsest 18 km grid spacing for the outermost domain1 with other nested domains getting finer by one thirds.




TABLE 1 WRF-Fire model domain configurations.
[image: Table1]

The physical parameterization schemes used in all of the model domains are the Dudhia shortwave radiation (Dudhia, 1989), rapid radiative transfer model (RRTM) longwave radiation (Mlawer et al., 1997), WRF Single-Moment 6-class (WSM6) microphysics (Hong et al., 2004), Monin-Obukhov near-surface layer scheme (Janji, 1994), Noah land-surface scheme (Fei and Jimy, 2001). The Yonsei University (YSU) parameterisation of the planetary boundary layer scheme is used in the all domains (Troen and Mahrt, 1986; Hu et al., 2013). A Kain-Fritsch (Kain, 2004) cumulus scheme is applied only in the first and second domain. A summary of the physical parameterization schemes were provided in Table 2. The WRF-Fire simulation started on October 17 at 0000 UTC and was run until 1800 UTC Oct.26.



TABLE 2 Physics parameterization schemes of the simulated experiments.
[image: Table2]



2.3.3 Data sources and preprocessing

Running the WRF mode requires a meteorological data to driven, and the meteorological data is FNL reanalysis data, which mainly includes three separate data sets: 3d, flx and sfc. After downloading the files of the corresponding date, it needed to be extracted in the file system. The FNL (Final Operational Global Analysis) data is a global reanalysis data provided by the National Center for Environmental Prediction (NCEP) and National Center for Atmospheric Research (NCAR). Using the state-of-the-art global data assimilation system and well-established database, they carried out quality control and assimilation of observation data from various sources, and obtained a complete set of reanalysis datasets. In addition, the topography of the Fire model is a sub-grid form of the atmospheric model grid defined by WRF through terrain independent of the atmospheric model, as the basic data of the key elements of forest fire spread calculation. The ASTER GDEM (Advanced Spaceborne Thermal Emission and Reflection Radiometer Global Digital Elevation Model) V3 used in this study was jointly released by NASA and METI (Ministry of Economy, Trade and Industry) on August 5, 2019, which can be downloaded through Geospatial Data Cloud.5 The spatial resolution of DEM data is 30 m × 30 m, and the topographical conditions of the simulated area are shown in Figure 3.

[image: Figure 3]

FIGURE 3
 The topographical conditions of the simulated area (Domain Four in Figure 2). Unit of elevation: m above sea level.


In the WRF-Fire model system, forest fire fuel data is embedded into the forest fire grid, which is composed of sub-grids of each atmospheric grid. In this way, the fuel type defined on the sub-grid, together with the terrain and the ground wind, are the core element that determines the fire behavior characteristics such as the direction and speed of the spread of a forest fire, and the flame intensity. The fuel data of WRF-Fire is category data, which is constructed into 13 fuel categories using Anderson’s classification system (Anderson, 1982). In Table 3, the constants that determine the combustion characteristics of each fuel are summarized. This study follows the 13 categories of constant values used in WRF-Fire. In this study, the fuel classification data is based on the global land cover data from-glc (Finer Resolution Observation and Monitoring of Global Land Cover),6 which is mapped with Anderson fuel model, and the specific fuel categories are determined according to the survey data of forest fuel fixed sample plots in the hilly area of central Hunan.



TABLE 3 Description of fuel types.
[image: Table3]

The from-glc is the first 30-meter resolution global land cover map produced using Landsat Thematic Mapper and Enhanced Thematic Mapper Plus data. The data set is divided into 10 categories. First, after a series of processing such as reclassification, resampling, and projection transformation, the results are converted into ASCII code files, and then compiled to generate a.out using write_geogrib.c. After running, the required binary format fuel classification data can be generated.





3 Results


3.1 Simulated atmospheric conditions

The prevailing synoptic conditions, which greatly influenced the behavior and evolution of the fatal forest fire events in the Xintian on 17 October 2022, are presented along with the available surface observations.

As shown in Figure 4, the synoptic system and its changes in this region were very stable and simple, and they were in the situation of high temperature, low humidity and strong wind, which was a necessary and important condition for fire. According to the satellite data, the fire was located at the front part of a ridge. The wind was steady from the northeast at 0600 UTC, Oct.17 (Figure 4A). After the ignition began at about 0730 UTC, Oct.17, the center of high pressure was located above the Yao nationality township (Figure 4B). At 1800 UTC, Oct.17 (Figure 4C), the high pressure system moved to the southeast of Xintian county, the wind direction gradually shifted from north east wind to north wind. As can be observed in Figure 4, in general, the wind direction was mostly north wind and the wind speed was relatively high, and the temperature was high during the whole fire spread period.

[image: Figure 4]

FIGURE 4
 The synoptic pattern variation based on WRF-d04 values. (The contours are sea level pressure, unit: h Pa, and temperature (shaded), unit:°C, arrow is wind, unit: m s−1). [(A) 0600 UTC, Oct.17, 2022; (B) 1200 UTC, Oct.17, 2022; (C) 1800 UTC, Oct.17, 2022; (D) 0000 UTC,Oct.18, 2022; (E) 0600 UTC, Oct.18, 2022; (F) 1200 UTC, Oct.18, 2022; (G) 1800 UTC, Oct.18, 2022; (H) 0000 UTC,Oct.19, 2022; (I) 0600 UTC, Oct.19, 2022].



3.1.1 Wind

The Xintian fire was ignited in Banziqiao Village, Yao Township. Due to the continuous drought in the area, the surface vegetation and leaves were numerous, and the fire broke out almost 8 h after the simulation began. At that time, the wind speed was high and the fire spread rapidly. The wind can not only accelerate the evaporation of fuel moisture, make the fuel dry and flammable, while continuously replenish new oxygen, increase the combustion conditions and accelerate the combustion process. Wind is one of the most important and rapidly changing environmental factors that influence fire behavior, the higher wind speeds produce larger fire spreading rates over a wide range of wind speeds and fuels (Coen et al., 2013). An evaluation of the fire spread forecast by WRF-Fire starts therefore with an evaluation of the wind forecast by WRF. The first 6 hours were not accounted in the results and the meteorological forecast was performed from 0600 UTC on 17 October 2022 to 1800 UTC, on 26 October 2022. We obtained the every 3 h wind field distribution during forest fire spread by WRF model. In this study, we selected the Yongzhou meteorological stations closest to the fire site for verification.

A comparison of the wind speed and direction time series for all simulations and observations was shown in Figure 5. As can be seen from the figure, the variation trend of simulated wind speed is similar to the observed results, but the wind speed at a height of 10 meters was slightly overestimated (Figure 5A). At the beginning of the experiment, the wind blew from the northeast and then moved slowly to the north, and the dominant wind direction was N, which proved that the simulated wind direction was in good agreement with the observed results (Figure 5B). Through the comparison of wind speed and wind direction, it was found that WRF model was used to simulate the wind field, and the simulated wind field was close to the measured wind field. The simulation results can reflect the real wind field while obtaining high-resolution wind field.

[image: Figure 5]

FIGURE 5
 Time series of WRF-simulated and observed wind speed (A) and wind direction (B).


In the fire-fighting operation, it is very important to understand the abrupt change of wind direction and wind speed. In order to observe the horizontal distribution and evolution of wind fields during the spread of forest fire, we focused on extracting the simulated wind field distribution at six moments in the study area during the fire rekindle period (October 21, 2022), as shown in Figure 6. At 0000 UTC Oct.21, the wind field of Yao nationality township was relatively uniform, the overall northerly wind, and the wind speed was large, with the highest wind speed reaching 2.7 m s−1 (Figure 6A). At 0300 UTC Oct.21, the wind field of Yao nationality township was still north wind, and the wind speed increases, with the highest wind speed reaching 4.3 m s−1 (Figure 6B), which was very beneficial to the rekindle of the forest fire. At 0600 UTC Oct.21, the wind speed continued to increase to 5.0 m s−1, which accelerated the spread of the forest fire (Figure 6C). In general, it can be observed from Figure 6 that the wind speed increases during the rekindle of the forest fire, and the wind direction was mainly north wind in the spreading area. In summary, WRF can present the temporal and spatial variation of local wind fields under complex terrain.

[image: Figure 6]

FIGURE 6
 Spatial distribution of the simulated wind field. [(A) 0000 UTC, Oct.21, 2022; (B) 0300 UTC, Oct.21, 2022; (C) 0600 UTC, Oct.21, 2022; (D) 0900 UTC,Oct.21, 2022; (E) 1,200 UTC, Oct.21, 2022; (F) 1500 UTC, Oct.21, 2022].




3.1.2 Temperature

The simulated temperatures averaged from 0600 UTC on 17 October 2022 to 1800 UTC, on 26 October 2022 near the fire area are compared with the observations, and the comparisons of the simulated and observed temperature time series are shown in Figure 7. As can be seen from the figure, the overall change trend of the simulated temperature was similar to the observations, but the simulated temperature was underestimated (Figure 7). We also extracted the simulated temperature distribution at the six moments during the re-fire period, and the temperature in the study area gradually increased with the fire was rekindled (Figure 8). From the perspective of the simulated wind and temperature, the model better simulated the characteristics of this fire, so the spread characteristics of forest fire can be studied based on the simulation results.

[image: Figure 7]

FIGURE 7
 Time series of WRF-simulated and observed air temperature (ATemp).


[image: Figure 8]

FIGURE 8
 Spatial distribution of the simulated temperature. [(A) 1800 UTC, Oct.20, 2022; (B) 0000 UTC, Oct.21, 2022; (C) 0600 UTC, Oct.21, 2022; (D) 1200 UTC,Oct.21, 2022; (E) 1800 UTC, Oct.21, 2022; (F) 0000 UTC, Oct.22, 2022].





3.2 Simulated fire behavior and evolution

Due to the drought in Hunan Province during this period and its unique forest type (mainly coniferous mixed forest), the Xintian fire was ignited at 0730 UTC on October 17, 2022 and eventually burned 10,520.6 hectare (Figure 1). It must be mentioned that the time period varies between simulated and observed fire events, and the lack of temporal observation data on the actual burn area. Thus we have only the fire perimeter at the end of the fire event. In addition, it is known that fire-fighters have made numerous attacks on the fire in order to constrain the fire. As there is no precise data available on these attacks, we ran the simulation without taking into account the effect of the fire-fighters.

We divided the Xintian fire into two stages according to the rekindle of the fire. The results of the first stage of the dynamic simulation of forest fire spread are shown in Figure 9. The forest fire mainly spread southward from the fire point. Figure 9 shows the fire spread area of Xintian fire at different times and at intervals of 6 h. At 0900 UTC Oct.21, the fire spread southward with the northerly wind (Figure 9A). At 1500 UTC Oct.21, the wind direction of the fire field was northwest wind, and the fire quickly spread southeast and burned violently (Figure 9B). Figure 9C shows that the wind direction is to the northeast and the fire spreads to the southwest. From 0300 UTC Oct.18 to 0300 UTC Oct.19, the wind direction was relatively stable, all of which were northeast wind, and the fire spread to the southwest (Figures 9D–H). Since 0900 UTC Oct.18, the wind speed decreased, the wind direction was relatively chaotic, and the fire spread speed slowed down (Figures 9I–L). The ROS is closely linked to the wind, and the rise of the ambient wind speed will increase the diffusion rate of the fire line contacting fresh fuel and air along its surroundings.

[image: Figure 9]

FIGURE 9
 Evolution of the simulated burnt area (black shadow) and wind field. The figure shows every 6  h from 0900 UTC Oct.17, 2022 to 0300 UTC Oct.20, 2022. [(A) 0900 UTC, Oct.17, 2022; (B) 1500 UTC, Oct.17, 2022; (C) 2100 UTC, Oct.17, 2022; (D) 0300 UTC, Oct.18, 2022; (E) 0900 UTC, Oct.18, 2022; (F) 1500 UTC, Oct.18, 2022; (G) 2100 UTC, Oct.18, 2022; (H) 0300 UTC, Oct.19, 2022; (I) 0900 UTC, Oct.19, 2022; (J) 1500 UTC, Oct.19, 2022; (K) 2100 UTC, Oct.19, 2022; (L) 0300 UTC, Oct.20, 2022].


The results of the second stage of the dynamic simulation of forest fire spread are shown in Figure 10. At 0000 UTC Oct.21 (before the fire reignited), there are low wind speed and disorderly wind direction (Figure 10A). At 0600 UTC Oct.21 (after the fire reignited), the wind speed increases, the wind direction is northward, and the fire spread slowly (Figure 10B). From 1,200 UTC Oct.21 to 0000 UTC Oct.22, the wind direction is relatively stable, all of which are northeast wind, and the fire spread to the southwest (Figures 10C–E). From 0600 UTC Oct.22 to 1800 UTC Oct.23, the wind direction in the fire area is mostly north wind, and the fire will spread slowly to the south (Figures 10F–L). As the fuels were consumed, the fire slowed and the combustion was gradually extinguished on the 26rd.

[image: Figure 10]

FIGURE 10
 Evolution of the simulated burnt area (black shadow) and wind field. The figure shows every 6  h from 0000 UTC Oct.21, 2022 to 1800 UTC Oct.23, 2022. [(A) 0000 UTC, Oct.21, 2022; (B) 0600 UTC, Oct.21, 2022; (C) 1200 UTC, Oct.21, 2022; (D) 1800 UTC, Oct.21, 2022; (E) 0000 UTC, Oct.22, 2022; (F) 0600 UTC, Oct.22, 2022; (G) 1200 UTC, Oct.22, 2022; (H) 1800 UTC, Oct.22, 2022; (I) 0000 UTC, Oct.23, 2022; (J) 0600 UTC, Oct.23, 2022; (K) 1200 UTC, Oct.23, 2022; (L) 1800 UTC, Oct.23, 2022].


According to the WRF-Fire simulation system (from 0730 UTC Oct.17, 2022 to 1800 UTC Oct.26, 2022), the total burned area of Xintian fire was 20718.1 ha (Figure 11), which was about twice the observed area (10520.6 ha). It can be seen from Figures 9–11 that although the simulated fire area was generally overestimated, it can also capture the overall shape and the spread trend of the fire well.

[image: Figure 11]

FIGURE 11
 Comparison between the simulated fire areas of WRF-Fire (black shadow) and observed the fire areas of sentinel data (red lines).





4 Discussion and conclusion

In this study, the coupled atmosphere-fire simulation was performed using WRF-Fire. In the coupled atmosphere-fire simulation, the difference between the simulated fire boundary and the observed fire boundary depends on the accuracies of the meteorological and fire components of the model. Wind speed and wind direction are the key parameters to control fire propagation in forest fires simulation, which can affect both the ROS of fire and the direction of fire propagation (Shamsaei et al., 2023). Therefore, unrealistic wind forecasts may lead to incorrect fire spread prediction, even if the fire model itself provides a perfect fire spread prediction. In addition, fuel is another key factor in forest fire (Seong et al., 2013), and inaccurate fuel maps and fuel models can also lead to different fire propagation processes, even with a perfect weather forecast.

This study presented the prevailing synoptic and surface weather conditions from Oct.17, 2022 to Oct.26, 2022. The simulated wind and temperature of in the fire area are sensitive to the horizontal boundary conditions, and if these boundary conditions are inaccurate, the simulated field in the fire area will deteriorate (Peace et al., 2015). As shown in Section 3.2, there is a good agreement between WRF simulated wind direction and observed wind direction. The variation tendency of simulated wind speed by WRF is similar to the observed results, which can well simulate the change of wind speed. However, the comparison with the existing observed results shows that the wind intensity predicted by WRF is generally overestimated, which is consistent with the results of Lai et al. (2019) and Kartsios et al. (2021). The overall change trend of WRF simulated temperature is similar to the observed results, but the simulated temperature is underestimated, which is consistent with the results of Lai et al. (2019) and Li et al. (2023). The initialization error caused by insufficient description of terrain and land use may be some of the reasons for the above differences (Seong et al., 2013; Wang et al., 2023). The second reason may be that the predictability of the WRF model decreases significantly after 36 h, with model errors accumulating over time to the point of undermining the results (Kochanski et al., 2013b). The third reason may be that the meteorological numerical simulation is performed at a high resolution (wrf-d04: dx = dy = 0.666 km), where predictability decreases as one approaches the threshold resolution of an explicit simulation of boundary layer process deterministically (Mukherjee et al., 2016).

The 1 to 10 ratio between atmospheric and fire mesh, led to a horizontal discretization of approximately 60 m × 60 m for the fire model. Although the resolution is very high, certain physical processes related to atmosphere-fire interactions have not been resolved. The accuracy of the WRF-Fire simulation is judged based on a comparison between the observed and predicted final fire perimeter. In this study, the simulated fire perimeter and area are larger, and the simulated fire spreads to the north and southwest than the observed fire.

Wherever the model overestimates the burned area, widespread overestimation of wind speeds in some areas may be responsible for the mismatch. And the hourly variation of wind direction also affects the prediction of fire spread. It is worth noted that the modeled fire perimeter is very sensitive to the wind forecasts. When the Rothermel formula pushes the fire forward a certain distance based on the wind simulated by WRF-Fire, it can never move the fire back to its previous position. That is, prediction errors in simulated ROS accumulate over time (Kochanski et al., 2013b). Nevertheless, the fire spread data from the center section proved that WRF-Fire simulations also correctly captured the general direction of forest fire spread during the Xintian Fire, as Shamsaei et al. (2023).

Obviously, the preventing effect of human fire-fighting activities on forest fire spread is not considered in the forest fire spread model. In the case of forest fire in this study, we also dispatched firefighting helicopters and a large number of personnel to carry out active firefighting work. Although it is impossible to quantitatively determine the effect of fire suppression on diffusion, the burned area of the natural state can be greatly reduced under the same burned time.

This study evaluated the performance and applicability of WRF-Fire, a coupled fire-atmospheric forest fire model, in simulating the 2022 Xintian Fire by comparing the simulated and observed fire perimeter and burned area. The comparison of the results showed that there are significant differences between the simulated and observed results in terms of fire spread direction and fire perimeter. Compared to the observed values, the simulated fire was overestimated by twice and spreaded north and southwest. It is a big problem to verify the accuracy of the existing fire spread model. The factors causing the burned zone error are summarized as follows: the generally overestimated wind speed in this study has a greater impact on the simulated fire behavior (Clarke et al., 2013); the WRF-Fire model only represents fire propagation as surface fire, and lacks a mechanism to allow canopy fire modeling (Mandel et al., 2011); the static fuel data used in the study is a fuel code produced by referring to the land cover category from_glc, and there are inevitable error factors in this process; finally, the fire model does not take into account the fire firefighting actions.

Although there are differences between observed and simulated final fire perimeters, the findings suggest that WRF-Fire has the potential for operational applications as an operational predictive model for forest fire behavior that correctly captures the general direction of forest fire spread. In the next study, we will use higher resolution fuel data and meteorological data to further improve the accuracy of the model simulation results, and carry out a large number of forest fire simulation experiments in southern hilly areas to provide more detailed guidance for forest fire fighting. More accurate or reliable predictions and propagation of fire behavior and propagation of forecasts through WRF-Fire will be more helpful for forest fire management. These measures include: protecting people and guiding evacuation planning; predicting the possible size, duration and complexity of forest fire under the changes of in local meteorological and topographic conditions; developing and applying firefighting strategies and tactics, and to deploy air and ground resources effectively and safely.
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Footnotes

1   https://www.landfire.gov

2   https://scihub.copernicus.eu/

3   http://data.cma.cn/

4   http://www.wrf-model.org

5   https://www.gscloud.cn/sources/

6   http://data.starcloud.pcl.ac.cn/
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