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Abstract

:

The Rothermel model, which has been widely used to predict the rate of forest fire spread, has errors that restrict its ability to reflect the actual rate of spread (ROS). In this study, the fuels from seven typical tree species in the Karst ecosystems in southern China were considered as the research objects. Through indoor burning simulation, three methods, namely directly using the Rothermel model, re-estimating the parameters of the Rothermel, and reforming the model, were evaluated for applicability in Karst ecosystems. We found that the direct use of the Rothermel model for predicting the ROS in the Karst ecosystems is not practical, and the relative error can be as high as 50%. However, no significant differences between the prediction effect of re-estimating the parameters of the Rothermel and the reformed model were found, but the reform model showed more evident advantages of being simpler, and the errors were lower. Our research proposes a new method that is more suitable for predicting the rate of forest fire spread of typical fuels in Karst ecosystems under flat and windless conditions, which is of great significance for further understanding and calculating the ROS of forest fires in the region.
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1. Introduction


Rothermel’s model uses the principle of energy conservation to derive a formula for the rate of spread (ROS) [1]. The parameters of the model were obtained experimentally, which has the applicability of the physical model and the simplicity of the empirical model [2,3]. Rothermel’s fire spread model is the foundation for many applications supporting forest fire management worldwide, such as BehavePlus [4], FARSITE [5], FlamMap [6], NEXUS [7], and Fuel Management Analyst [8].



The Rothermel’s fire spread model under the condition of no-wind on the flat ground (  R O  S 0   ) gives a measure of the combustibility of fuels, which serves as the basic value for calculating the ROS under wind and slope conditions [9]. It is important to obtain an accurate   R O  S 0   . The input parameters for the   R O  S 0    are only related to fuels and can be divided into two categories: fuel type, and physical and chemical properties of the fuel. For the specified fuel type,   R O  S 0    remains unaffected by topography and weather [1,10,11]. In practical application, the fuels in the model were assumed to be homogeneous for a small space and a short time [12], and the physical and chemical properties for a specific fuel that needs to be inputted into the model include fuel bed height, moisture content (MC), loading, heat value, surface area to volume (SAV) ratio, packing ratio, etc.



However,   R O  S 0    has errors in practical applications, mainly because of the uncertainty of the input parameters [9,13,14] Some fuel parameters in   R O  S 0    have been determined by defining a standard fuel model but owing to the different types of fuel and their different physical and chemical properties, these are not completely applicable [15]. Furthermore, because the   R O  S 0    model was derived under ideal conditions, there are inevitable differences between the predicted and measured values. These uncertainties result in uncertain outputs from the model, which may cause considerable economic losses and efficiency constraints in practice. This may lead to incorrect decisions regarding forest firefighting commands [12,16].



The causes for the uncertainty of the Rothermel model parameters include the following: (1) different physical and chemical properties of different fuel types, (2) proportions of various fuels in a heterogeneous fuel bed are unknown, and (3) parameters value (extinction MC, optimum packing ratio, etc.) in the model are unreasonable. To solve these problems, Ascoli et al. coupled the original Rothermel model with mathematical optimization (genetic algorithms) of the fuel model, resulting in better fitting and further reduced prediction errors. The root mean square errors of leave, grass, and shrub fuels decreased by 39%, 19%, and 26%, respectively, making them more effective [17]; however, this method was more obscure and difficult to apply. Sandberg et al. proposed to directly use the mean or medium value of the fuel bed measured in the field as the parameter value in the Rothermel model but did not verify this [18]. A simpler and stricter method is to correct the base of the Rothermel model [19], where the relationship between the characteristics of fuels and   R O  S 0    is obtained by a simulated burning experiment, and the prediction model is repeatedly reformed and corrected. Therefore, this study also used this method to reform the Rothermel model and improve the prediction accuracy of   R O  S 0    through indoor simulation of burning experiments.



The Karst forest ecosystems in southern China have a unique ecosystem in the world, which is apparently due to their characteristics that are different from those of other forest ecosystems. they have high heterogeneity of habitats, shallow and discontinuous soil layers, multiple levels of ecological space, and extreme fragility [20,21,22,23]. Moreover, the region is crisscrossed by agriculture and forestry, with large human disturbances and complex fire sources, which makes it extremely prone to forest fires that may cause serious impacts on the regional ecosystem, property security, and social stability [24]. However, little research has been conducted on the behavior of fuels in Karst zones. Although the Rothermel model has been successfully applied in related regions worldwide (developed in North America), it may not be directly applied in southern China due to the uniqueness of the Karst forest ecosystems there, which seriously hinders ecological restoration and forest fire prevention. Therefore, this study selected seven typical fuels of tree species in the Karst ecosystems as objects for indoor burning to solve the following scientific problems: (1) Is it reasonable to directly use the Rothermel model to predict   R O  S 0    in the Karst ecosystems? (2) Based on the original form of the Rothermel (in a physical sense), the fuel parameters for the Karst ecosystems were re-estimated, and the accuracy of the model was tested; and (3) reformed a new prediction model for   R O  S 0    in the Karst ecosystems and tested its accuracy. Through this study, we will extend our understanding of the burning characteristics of fuel in the Karst ecosystems, provide a direction for improving the accuracy of the Rothermel prediction model, and establish the importance of forest fire management and fighting to reduce the harm by formulating a fighting strategy for Karst ecosystems.




2. Method


2.1. Sample Collection Area


The sample collection area for the indoor burning simulation was located in Dalou Mountain, a southeast forest region of China that belongs to the typical Karst Forest ecosystems and is rich in resources, as shown in Figure 1. The study area has a subtropical humid monsoon climate with an annual mean temperature, relative humidity, and rainfall of approximately 15.1 °C, 76%, and 1116 mm, respectively. The main tree species include Pinus massoniana Lamb., Pinus yunnanensis, Pinus armandii, Platycladus orientalis, Quercus acutissima Carr., Phyllostachys edulis, and Cyclobalanopsis glauca (Thunb.) Oerst., and shrubs include Padus racemosa and Chimonanthus praecox (Linn.) Link, and Viburnum foetidum Wall. var. rectangulatum (Graebn.) Rehd. In 2004, a major forest fire occurred in the study area, with an area of 53.4 hectares. Although there have been no forest fires in recent years, under the background of climate change, the fuel loading continues to accumulate, increasing the probability of large and extraordinary fires [24].




2.2. Sample Plot Setting and Fuel Characteristics Investigation


Pinus massoniana Lamb., Pinus yunnanensis, Pinus armandii, Quercus glauca, Quercus acutissima, Cunninghamia lanceolata, and Phyllostachys edulis are typical tree species in Karst ecosystems in south China. Compared with other no-Karst ecosystems, the characteristics of fuels in these tree species are more complex. Therefore, in this study, a sample plot of 25.82 m × 25.82 m (one mu) was set for each representative tree species. The fire period in the study area ranged from October of the current year to May of the following year, in which February to April is the peak fire season. Due to the difference in physical and chemical properties of the fallen and withered fuel, to make this study practical, the fuel was collected from the standard sites of each tree species in the following year.



The fuels in the model were assumed to be homogeneous for a small space and in a short time when using the Rothermel model, so the fuel bed applied in this study should also meet this assumption as much as possible. Litter includes leaves, petals, cones, and so on. As the main component of litter, leaves are also the main carrier of forest fires. Therefore, in this study, fuel was the fallen leaves of each tree species. In February 2021, the leaves in the seven plots were collected by destructive methods, and the collected leaves were withered in the second year, ensuring the integrity of the leaf structure. In total, 30 samples of 20 cm × 20 cm size were randomly set in the sample plot of each tree species to investigate the characteristics of the sample plot and corresponding fuel (Table 1). To make the descriptions more concise, Pinus massoniana Lamb., Pinus yunnanensis, Pinus armandii, Quercus glauca, Quercus acutissima, Cunninghamia lanceolata, and Phyllostachys edulis are abbreviated as Pm, Py, Pa, Qg, Qa, Cl, and Pe, respectively.



When using the Rothermel model directly to calculate   R O  S 0   , the physical and chemical characteristics of the fuel need to be entered. Therefore, through a literature review and indoor measurements, the physical and chemical characteristics of the seven types of fuel were obtained (Table 2). Among them, the surface area to volume represents the ratio of leaf surface area to volume, and the measurement method is shown in [25]. The mean and measurement method of particle density can be found in [26]. The measurement method of total mineral content is to accurately weigh 3 g of leaf and place the sample in a muffle furnace at 450 °C for 24 h to obtain ash. The mineral content is calculated as the ratio of mineral (ash) mass to total oven-dry wight [27]. The effective mineral content represents the ratio of mineral content (silica-free) to total oven-dry weight [1], so it is necessary to determine the content of silica in mineral content, the measurement method is shown in [28]. The heat value represents the heat released by the complete burning of a unit mass of leaf in an absolute oven-dry state, the measurement method is shown in EN 14918:2009 Solid biofuels (determination of calorific value) [29]. These physical and chemical properties were measured 3 times and the arithmetic mean value was used as the final value.




2.3. Burning Experiment


The burning experiment on fire behavior was conducted indoors. Research has shown that the   R O  S 0    is mainly related to the physical and chemical properties of fuels. Therefore, according to the characteristics of the field fuel bed, fuel beds with different MC, heights, and loadings were evenly placed indoors for the burning experiment. Research shows that when the MC is below 35%, it is difficult to ignite and spread [30]. Therefore, to ensure the practical significance of this study, it is necessary to determine the maximum MC value. The burning experiment was conducted with a gradient of 5%, starting from an MC of 35%, until it could be ignited and spread. At this time, the MC is the maximum value for the burning experiment. The experiment results show that when the MC is 25%, only some cases are ignited and spread. Based on this, the maximum MC gradient in this study is set to 20%, and the MC was set with four gradients at 5%, 10%, 15%, and 20%; the bed height was set with four gradients at 2, 3, 5, and 9 cm; and the bed loading was set with four gradients at 4, 5, 6, and 8 t/ha. Due to the different combustibility of fuels of different tree species, the number of burning times of each tree species in the study area was also different. When the MC was 20%, some fuel beds of Pm and Qg did not burn; therefore, 60 and 48 burning experiments were performed, respectively. The loading of the fuel bed with Pe could not be set at 8 t/ha; therefore, 48 burning experiments were carried out, and 64 burning experiments were performed for other tree species.



A large oven was used to dry the fuel at 105 °C. During the drying process, the fuel MC was measured time to time using a rapid moisture apparatus (ML50, A&D Company, Tokyo, Japan), and the fuels were removed for the burning experiment when the fuel MC met the experimental setting conditions. The required fuel quality was calculated according to the load MC gradient set in the experiment, and fuels were evenly laid on a burning bed with a size of 2 m × 1 m according to the fuel height requirements. Then, at least 20 random points were selected on the burning bed to measure the height of the fuel bed and adjusted at any time if it did not meet the requirements. The mean value was taken to meet the fuel height required for the experiment.



The ignition slot was fixed at one end of the burning bed and ignited with alcohol to form a fire line that ignited the fuel bed. Each time the fire was ignited, the flames spread forward along a straight line. When the fire spread to a “quasi-steady” state, the ROS of the fire was recorded using poles on both sides of the burning bed [15]. The survey poles were distributed on the layers of the burning bed every 0.2 m (a total of 11 poles on each side). The time when the fire head reached two poles was recorded, and then the instantaneous speed of the forest fire spread between the two poles was calculated. The arithmetic mean of the multiple instantaneous speeds was taken as the ROS under this condition. To reduce the influence of the indoor air temperature and humidity on   R O  S 0   , the experiment was conducted under similar conditions. The mean temperature and humidity during the entire experiment were 22.8 and 69.8%, respectively, with a varying range of  ± 10%. The burning experiment diagram is shown in Figure 2.




2.4. Statistical Analysis


2.4.1. Basic Information on     R O S  0   


For each kind of litter, the instantaneous speed of forest fire spread between the poles of the two surveys can be calculated by recording the time when the flames reach the poles of the two surveys. The arithmetic mean of the instantaneous speed after the fire head spread reached the “quasi-steady” state was considered ROS. The   R O  S 0    of fuel under seven typical forests in the Karst ecosystems was calculated, and a multiple comparison test was performed to observe any significant difference in   R O  S 0    among different tree species.




2.4.2. Applicability Analysis of Direct Rothermel Model


The formula and detailed information for calculating the   R O  S 0    under the condition of no-wind on flat ground is shown in the literature [1].



When the Rothermel model was directly used, the original set value of 0.3 was used for the extinction moisture content (   M x   ). Then, according to Table 2 and the characteristics of the fuels set in the burning experiment, the values obtained by direct application of the Rothermel model were recorded as    R 0   . Taking the measured value as the abscissa and the predicted value as the ordinate, we drew a 1:1 diagram and analyzed the prediction effect of using the Rothermel model directly. Furthermore, the mean absolute error (MAE) and mean relative error (MRE) were calculated directly using the Rothermel model.




2.4.3. Rothermel Model for Re-Estimating Parameters


The uncertainty of the fuel parameters is the reason for the error in the Rothermel model. According to the original Rothermel model, for a specific fuel type, the values of SAV ratio, mineral content, and heat content were fixed, and by simplifying the Rothermel model, Equation (1) was obtained:


    R 0  = δ   0.174 H   1 −  S T     S e  − 0.19             0.0591 + 2.926  σ  − 1.5       − 1   192 + 7.9095  σ  − 1      e  −   4.528  σ           [    (   β   β  o p      )   8.9033  σ  − 0.7913      e    8.9033  σ  − 0.7913       1 −  β   β  o p       +   0.792 + 3.7597  σ  0.5       β + 0.1      ]    [   1 − 2.59    M f     M x    + 5.11        M f     M x       2  − 3.52        M f     M x       3    581 + 2594  M f    ]   



(1)




where    R 0    indicates the   R O  S 0    value obtained by directly using Rothermel model under the condition of no-wind on the flat ground (m/min);  β  indicates the packing ratio of the fuel (dimensionless);    β  o p     indicates the optimal packing ratio (dimensionless);  σ  indicates the surface area to volume (cm2/cm3);    S T    indicates the total mineral content (dimensionless);  H  indicates the heat content (kj/kg);    M f    and    M x    indicate the moisture content and extinction moisture content of fuel, respectively (dimensionless);    S e    indicates the effective mineral content (dimensionless); and  δ  indicates the fuel height (m). The same below. The study area has a high incidence of fires from February to April each year. To ensure more meaningful results, the fall leaves of the second year were selected as experiment materials to measure the physical and chemical properties.



To preserve the original form of the Rothermel model, let:


  a =   0.174 H   1 −  S T     S e  − 0.19             0.0591 + 2.926  σ  − 1.5       − 1   192 + 7.9095  σ  − 1      e  −   4.528  σ         



(2)






  f  β  =   (   β   β  o p      )   8.9033  σ  − 0.7913      e    8.9033  σ  − 0.7913       1 −  β   β  o p       +   0.792 + 3.7597  σ  0.5       β + 0.1      



(3)






  g  m  =   1 − 2.59    M f     M x    + 5.11        M f     M x       2  − 3.52        M f     M x       3    581 + 2594  M f     



(4)






  b = 8.9033  σ  − 0.7913    



(5)






  c = 0.792 + 3.7597  σ  0.5    



(6)







Then, the   R O  S 0    prediction model    R 1    based on the re-estimated parameters of the Rothermel model is shown in Equation (7):


   R 1  = δ a f  β  g  m  = δ a        β   β  o p        b   e  b   1 −  β   β  o p       + c   β + 0.1       [    1 − 2.59    M f     M x    + 5.11        M f     M x       2  − 3.52        M f     M x       3    581 + 2594  M f     ]  



(7)







In the    R 1   ,  b  and  c  were determined by the SAV ratio of the fuel. Table 2 shows the SAV of various types of fuels, where  b  and  c  are known.  a  was determined by  H ,    S T   ,    S e   , and  σ , which are related only to the type of fuel. For a specific fuel type,    β  o p    ,    M x   , and  a  were fixed. Therefore, the parameters in the model included    β  o p    ,    M x   , and  a , and the input variables are fuel height, packing ratio, and MC.



For each fuel type, the parameters    β  o p    ,    M x   , and  a  were obtained using indoor burning experiment data and an n-fold cross-validation method, and the MAE and MRE were calculated for each fuel type.




2.4.4. Reforming a New Prediction Model


According to the Rothermel model and fuel burning mechanism, it can be inferred that under the condition of no-wind on flat ground, the packing ratio has a double effect on the   R O  S 0   , while the MC is negatively related to the   R O  S 0   . Therefore, the ROS prediction model was reformed and recorded as    R 2    by Equation (8), as follows:


   R 2  = δ  e  d   β − f       g  M f  + k    



(8)




where   d , f , g , k   indicate the parameters to be estimated in the model



The parameters in    R 2    are  d ,  f ,  g , and  k , and the input variables were the same as    R 1   , only the fuel height, packing ratio, and MC were changed. The parameters for each fuel type were obtained by nonlinear least square fitting, and the errors were calculated.




2.4.5. Model Validation and Comparison


A t-test was used to compare the prediction errors of the three models (   R 0   ,    R 1   , and    R 2   ). Taking the measured value of the   R O  S 0    as the abscissa and the predicted value as the ordinate, a 1:1 diagram as drawn to compare the prediction effects of the    R 1    and    R 2    models. The fitting software used in this study was MATLAB, 2018a (The MathWorks, Inc., Natick, MA, USA).






3. Results


3.1. Basic Information on   R O  S 0   


Figure 3 shows the basic information and multiple comparison results of   R O  S 0   . It can be seen that under flat and windless conditions, the variation range of for typical tree species in the southern Karst ecosystems was 0.042–0.556 m/min. According to the multiple comparison test, the mean   R O  S 0    of typical tree species in the Karst ecosystems has a Py, Pa, Pe, Cl, Pm, Qa, and Qg from high to low. Among them, Py, Pa, and Pe were significantly (p < 0.05) higher than those in other forests but had no significant difference between them. The   R O  S 0    of Qg was significantly lower than that of other forests.




3.2. Applicability Analysis of Direct Use of Rothermel Model


The mean values of MAE and MRE for typical forest fuel in the Karst ecosystems using the Rothermel model were 0.113 m/min and 53.760%, respectively. The minimum and maximum values of relative error (RE) when using the Rothermel model directly to predict   R O  S 0    were 1.647% and 160.488%, respectively (Figure 4).



When the Rothermel model was directly used, the predicted   R O  S 0    values of Pm, Py, Pa, Qg, Qa, and Cl were all on the higher side, while for Pe, the measured   R O  S 0    value was lower than 0.3 m/min, and the predicted value was higher. When it is higher than 0.3 m/min, it is underestimated (Figure 5).




3.3. Parameters and Errors of   R O  S 0    Prediction Model


Table 3 gives the results of the Rothermel model for re-estimating parameters; the MAE range was 0.024–0.093 m/min. The minimum MRE value was for Pe at 15.3% and maximum MRE value was for Py at 21.6%.



Table 4 lists the parameters and results of the reformed prediction model. It can be observed that when the reformed model was used for   R O  S 0    prediction of typical forests in the Karst ecosystems, the minimum value of MAE was only 0.013 m/min, which was for Qg. The MRE of all fuel types was within 15.0%, and the minimum value was only 13.3%.




3.4. Comparison of Model Prediction Error


3.4.1. Multiple Comparison Results of MRE of Different Models


Except for Pe, the MRE of the other fuel types by directly using the    R 0    model were significantly higher than those of    R 1    and    R 2   . The MRE of    R 1    for Pa and Qg was significantly different from that of    R 2   . The prediction errors of    R 1    and    R 2    for all forests did not differ significantly, but errors in    R 2    were lower than that in    R 1    (Figure 6).




3.4.2. Comparison between Predicted and Measured Values


For the    R 1    model, the predicted values of Pa were overestimated, and the predicted and measured values of the other fuel types were evenly distributed on both sides of the 1:1 line. For the    R 2    model, the measured and predicted values of all fuel types were evenly distributed on both sides of the 1:1 line, except for Pm, while other fuel types were slightly underestimated (Figure 7).






4. Discussion


4.1. Basic Information on ROS0


Under the same experimental conditions, the significant difference in   R O  S 0    of different fuel beds under flat and windless conditions is mainly due to the different physical and chemical properties of the fuels, especially the SAV ratio of the fuels, which determines the heat transfer during the burning process [1,31]. The larger the value, the more conductive is the heat transfer and the more it will promote burning. Sandberg et al. research has shown that when the SAV ratio is below around 100 cm2/cm3, the effective heat number increases linearly with the SAV ratio, when it exceeds 100 cm2/cm3, the increasing trend is slow [16]. In this study, the SAV ratio of fuel of Qg was the smallest at only 57.783 cm2/cm3; therefore, its   R O  S 0    value was the lowest. The SAV ratio of fuels of Pe, Py, Pa, Qa, Pm, Cl, and Qg were in order of high to low, which was basically the same as that of their   R O  S 0   . There is no difference in   R O  S 0    between Pe, Py and Pa, but it is significantly higher than other fuels. This further confirm that even under the same conditions, when the SAV ratio is below a certain value, the impact of SAV ratio on   R O  S 0    is significant, consistent with the results of Sandberg et al. [16].




4.2. Applicability Analysis of Rothermel Model


The Rothermel model is a semi-physical model in which the parameters are obtained through experiments and statistical methods, and the errors are mainly caused by the model parameter uncertainty. For example,    M x    in the model represents the maximum MC at which the fuel can maintain flames under the action of a fire source [32,33]. It is a constant value in the model and is approximately 0.3 [34]. However, the    M x    of the fuel bed is significantly related to the physical and chemical properties and bed structure of the fuel itself. The unified use of 0.3 will inevitably lead to prediction errors. When using Rothermel model directly, some tree species were overestimated and some were underestimated, which was also due to unreasonable parameter settings and the interaction between physical and chemical properties of fuel. It further confirms that although the Rothermel model has certain universality, further reforming is needed for different tree species [31]. Therefore, the Rothermel model cannot be directly used to predict   R O  S 0    in the Karst ecosystems of our study area, and the model needs to be corrected or reformed.




4.3. Analysis of Model Parameters


Reducing the number of unknown parameters reduces the error caused by parameter uncertainty [35]. To preserve the original framework of the Rothermel model, the model is integrated with only one parameter and two variables to be estimated (  a ,    M x   , and    β  o p    ). Parameter  a  is mainly related to the physical and chemical properties of the fuel and is affected by the heating value, and total and effective mineral contents. For the seven typical forests in the Karst ecosystems of the south,   R O  S 0    showed a downward trend with an increase in  a . The packing ratio indicates the compactness of the fuel monomer in the bed; the higher the packing ratio, the tighter is the fuel in the bed [1]. This situation is conducive to heat transfer and combustible gas accumulation but also reduces the oxygen concentration in the combustion zones and inhibits burning [36]. Therefore, the effects of the bed packing ratio on   R O  S 0    under flat and windless conditions are dual, and there is an optimal packing ratio. In the Rothermel model,    β  o p     is only related to the surface area and volume of the fuel. Therefore, the current study took it as a variable to be estimated in the model through the burning experiment and has more practical significance. The result of this model for    β  o p     is higher than that calculated based on the SAV ratio. Furthermore, the    M x    of seven typical forests in the southern Karst ecosystems under experimental conditions were obtained using this model, with a mean value of 0.226, which is lower than the fixed value of 0.3. Therefore, the results obtained by this model are more in line with the actual situation. For example, the fuels of Qg are rich in wax, are not easy to burn, and, therefore, have the lowest    M x    value at only 0.184.



By fully considering the impact factors, this study reformed the model and established a new   R O  S 0    prediction model for the south Karst ecosystems:    R 2  = δ  e  d   β − f       g  M f  + k    , including four parameters to be estimated. where the parameters  f  and   −  k g    represent the    β  o p     and    M x   , respectively. The mean values of the two variables obtained by selecting this model were 0.099 and 0.327, respectively. The model does not have typical combustion physical characteristics, such as in    R 0    and    R 1   ; therefore, the physical significance of the parameter results is weak, but to some extent, it also reveals the effect of the bed packing ratio and    M x    on   R O  S 0   .




4.4. Prediction Effect of Model


The    R 1    and    R 2    prediction model can explain approximately 57.86% and 70.00% of the   R O  S 0    variation, respectively, on average. Man et al. used a reformed model to obtain a variation range of   R O  S 0    11%–29% [31], and the MRE value obtained by Ross et al. was approximately 32% [9]. The results of this study are lower than those of the other studies. The prediction effect of    R 1    and    R 2    models was significantly better than that of using the Rothermel model directly. Although there was no significant difference in the prediction error between    R 1    and    R 2   , the MRE of    R 2    was lower than    R 1   , and for all tree species, the MRE of    R 2    was lower than 15%, which was within the acceptable range [26]. Although the physical meaning of the    R 2    model is less than    R 1    and    R 0   , it is simple and practical.



The main purpose of this study was to examine the applicability of the Rothermel model and reforming the core model. Therefore, only no-wind and zero-slope conditions were considered, which reduces the efficiency of the model application in the natural stands. In future studies, it will be necessary to increase the field validation experiments and consider the impact of meteorological factors and topographic conditions to establish a more comprehensive   R O S   prediction model for typical forests in the Karst ecosystems in southern China. Furthermore, for a specific study area, the empirical model may be more effective because it focuses on the prediction effect and practicability. Therefore, in future research, simple empirical methods can be used to predict   R O  S 0   , and a variety of methods can be compared, which is of great significance for further understanding the   R O  S 0    and obtaining a high-precision prediction model.





5. Conclusions


It is not suitable to directly use the Rothermel model to predict the   R O  S 0    value of typical forests in the Karst ecosystems in southern China under flat land and windless conditions. The uncertainty of the parameters is one of the main sources of error and may cause errors of up to 50%. Based on an indoor burning experiment of typical forests in the southern Karst ecosystems, the model parameters were re-estimated, the error was significantly reduced, and the resultant prediction effect was good. The reformed model has the best prediction effect, and its form is simpler and easier to use. It can be popularized and applied in Karst ecosystems in southern China. This study was conducted indoors to reduce the impact of unstable field environment on the test results. However, there are differences between indoor and actual field conditions.
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Figure 1. Basic overview of the study area. 
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Figure 2. Burning experiment diagram. 
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Figure 3. Basic information and multiple comparison result of   R O  S 0   . Letters a, b and c indicate a significant difference in Rate of spread (at the 0.05 level). 
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Figure 4. Prediction results of using the Rothermel model directly. 
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Figure 5. 1:1 diagram of predicted and measured values directly using Rothermel model. 
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Figure 6. Results of multiple comparison of MRE of the three models. 






Figure 6. Results of multiple comparison of MRE of the three models.



[image: Forests 14 01088 g006]







[image: Forests 14 01088 g007 550] 





Figure 7. 1:1 diagram of predicted and measured values by two models. 
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Table 1. Basic information of sample plot and fuel.
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	Tree Species
	Slope (°)
	Location
	Range of the Fuel Height (cm)
	Range of the Fuel Loading (t ha−1)
	Canopy Density
	Mean Height (m)
	Mean DBH (cm)





	Pm
	5
	Upper
	2.1–8.8
	4.2–8.7
	0.78
	18.63
	20.61



	Py
	9
	Downhill
	3.6–9.2
	5.3–8.3
	0.82
	17.99
	19.88



	Pa
	7
	Upper
	1.8–8.7
	5.2–8.8
	0.85
	19.23
	21.76



	Qg
	16
	Middle
	3.3–11.6
	3.6–8.1
	0.61
	13.66
	12.09



	Qa
	13
	Middle
	2.9–9.1
	3.3–7.6
	0.64
	13.11
	14.07



	Cl
	3
	Downhill
	3.6–10.9
	4.9–9.7
	0.72
	10.56
	13.23



	Pe
	26
	Downhill
	1.8–7.6
	2.3–6.3
	---
	---
	---
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Table 2. Physical and chemical characteristics of fuels.
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	Tree Species
	  σ   (cm2/cm3)

Surface Area to Volume
	    ρ p    ( kg /  m 3  )   

Particle Density
	    S T    ( % )   

Total Mineral Content
	    S e    ( % )   

Effective Mineral Content
	  H   (kj/kg)

 Heat Value





	Pm
	66.084
	262.525
	2.420
	1.820
	20,907.222



	Py
	126.638
	245.638
	4.000
	3.291
	17,598.608



	Pa
	94.200
	239.203
	3.800
	3.127
	21,369.512



	Qg
	57.783
	311.076
	9.690
	8.900
	19,659.639



	Qa
	90.060
	350.911
	6.300
	4.151
	19,328.418



	Cl
	62.257
	201.632
	5.160
	4.610
	18,667.645



	Pe
	148.380
	243.502
	10.290
	1.840
	19,289.666



	Mean
	92.520
	264.927
	5.952
	3.963
	19,545.816
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Table 3. Re-estimated parameters and prediction results of the Rothermel model.
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	Tree Species
	   a   
	     β  o p      
	     M x     
	     R 2     
	MAE (m/min)
	MRE (%)





	Pm
	187.866
	0.014
	0.247
	0.579
	0.035
	16.1



	Py
	74.654
	0.006
	0.242
	0.462
	0.070
	21.6



	Pa
	57.686
	0.012
	0.203
	0.523
	0.093
	24.6



	Qg
	83.754
	0.018
	0.184
	0.519
	0.024
	24.8



	Qa
	128.474
	0.008
	0.233
	0.629
	0.034
	16.1



	Cl
	192.993
	0.014
	0.234
	0.565
	0.040
	17.9



	Pe
	69.673
	0.004
	0.215
	0.773
	0.050
	15.3







Note: Pinus massoniana Lamb., Pinus yunnanensis, Pinus armandii, Quercus glauca, Quercus acutissima, Cunninghamia lanceolata, and Phyllostachys edulis are abbreviated as Pm, Py, Pa, Qg, Qa, Cl, and Pe, respectively. The same below.
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Table 4. Parameter-wise prediction results by reformed model.
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	Tree Species
	d
	f
	g
	k
	R2
	MAE (m/min)
	MRE (%)





	Pm
	−416.79
	0.073
	−34.713
	12.070
	0.723
	0.031
	14.1



	Py
	−352.466
	0.080
	−34.217
	11.641
	0.706
	0.055
	14.4



	Pa
	−78.232
	0.146
	−29.804
	9.960
	0.713
	0.051
	14.1



	Qg
	−133.261
	0.155
	−58.534
	18.454
	0.556
	0.013
	14.3



	Qa
	−285.233
	0.070
	−28.276
	9.773
	0.663
	0.032
	14.8



	Cl
	−295.355
	0.092
	−43.634
	13.210
	0.775
	0.032
	14.9



	Pe
	−301.841
	0.080
	−58.563
	17.861
	0.738
	0.052
	13.3
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