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Abstract

:

Research Highlights: Simulations of treefall patterns during tornado events have been conducted, enabling the coupled effects of tornado characteristics, tree properties and soil conditions to be assessed for the first time. Background and Objectives: Treefall patterns and forest damage assessed in post-storm surveys are dependent on the interaction between topography, biology and meteorology, which makes identification of characteristic behavior challenging. Much of our knowledge of tree damage during extreme winds is based on synoptic storms. Better characterization of tree damage will provide more knowledge of tornado impacts on forests, as well as their ecological significance. Materials and Methods: a numerical method based on a Rankine vortex model coupled with two mechanistic tree models for critical wind velocity for stem break and windthrow was used to simulate tornadic tree damage. To calibrate the models, a treefall analysis of the Alonsa tornado was used. Parametric study was conducted to assess induced tornadic tree failure patterns for uprooting on saturated and unsaturated soils and stem break with different knot factors. Results: A power law relationship between failure bending moments and diameter at breast height (DBH) for the hardwood species provided the best correlation. Observed failure distributions of stem break and windthrow along the tornado track were fitted to lognormal distributions and the mean of the critical wind speeds for windthrow were found to be higher than that for stem break. Relationships between critical wind speed and tree size were negatively correlated for windthrow and positively correlated for stem break. Higher soil moisture contents and lower knot factors reduced the critical wind speeds. The simulations show varying tree fall patterns displaying forward and backward convergence, different tornado damage widths and asymmetry of the tracks. These variations were controlled by the relative magnitudes of radial and tangential tornado velocities, the ratio between translational speed and maximum rotational wind speed and the mode of failure of the trees. Conclusions: The results show the complexity of predicting tornadic damage in forests, and it is anticipated that this type of simulation will aid risk assessments for insurance companies, emergency managers and forest authorities.
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1. Introduction


Large, infrequent windstorms can have lasting effects on the natural landscape. The resulting damage to forested regions can be severe enough to be easily identified from the ground or from satellite images [1,2]. The damage can be geographically widespread (1.65 million ha of forest is annually destroyed in the US [3]) and is a source of major economic losses for many countries [4]. This is a recurrent natural hazard causing considerable damage to global forests leading to higher harvest costs, unharvested damaged and uprooted trees, and harmful insect attacks on the remaining stands due to increases in breeding material [5,6,7].



Detrimental wind effects can range from minor damage of leaves, branches and stems through to catastrophic failure (i.e., windthrow or stem break). The impacts of wind disturbance can affect the forest regeneration patterns, carbon cycling, diversity and soil health and can have influences that are both spatial and temporal. The effects of windthrow in forests that have been investigated include wind effects on trees, factors contributing to stand level damage and recovery, the mechanics of wind throw and stem break, windthrow modelling and ecological impacts of windthrow [8,9,10,11].



Some of the most damaging wind loads in North America are due to tornadoes. Tornadoes are violently rotating columns of air, in contact with the ground surface, either pendant from or beneath cumuliform clouds, with winds that spiral inward at the ground surface, which then rotate upwards [12]. Tornadoes have windspeeds between 90 and 315 km/h (25 and 87 m/s) and can occur with many storm types, but supercell thunderstorms tend to produce the most violent and long-lasting tornadoes due to the sustained, intense updrafts. Damage path lengths are approximately 10 km on average (although they range considerably between 50 m and 100+ km) and tend to be longer for higher intensity tornadoes [13]. Tornadoes have average damage swaths of approximately 250 m width, but again, the track cross-sections can vary significantly between 2 m and 2+ km [14].



The interaction between trees and tornadic wind fields has been investigated previously using post-storm field investigations [15,16,17,18,19,20,21]. Tornado damage in forested areas is often identified by characteristic treefall patterns displaying convergence, divergence and rotation, rather than uniformly orientated tree damage [22]. Letzmann was the first to construct hypothetical treefall patterns [22], using a translating tornadic wind field created by superposing translational velocity and a rotating vortex. Influenced by the work of Letzmann, many other researchers have adopted this form of vortex model to predict treefall patterns and have compared these to surveyed post-tornado treefall data to estimate the near-surface wind speeds of the tornadoes [23,24,25,26,27,28].



The type of damage and recovery in forests is highly contingent on the characteristics of the original tornado, in terms of size, frequency and intensity [21]. Treefall patterns and damage are highly dependent on the interaction between the topography, biology and meteorology [2,26], which makes comparison between events difficult, since larger, less frequent storms often affect sites and forests with very different characteristics. Although there have been some studies conducted on the same forests subjected to different storms, and studies of the same storm affecting different forests, identifying general features and characteristic behaviors has been challenging [21]. However, one of the most important factors determining wind damage patterns is tree size; large trees are more likely to be damaged and will often display the most damage [8,10,18]. The tree species is also important, and the damage patterns are related to crown shape, rooting pattern and wood properties, and the interaction with the wind field.



Natural disturbances (e.g., fires, drought, wind, insect outbreaks, etc.) are sensitive to climate, and climate change is expected to have a profound impact on disturbance changes. An increase in disturbance frequency and severity has been documented over large parts of the globe and is expected to increase in the coming decades [29]. Typical gap sizes and spacings have been well characterized for other natural disturbances, but little is currently known about landscapes formed by tornadoes. Better characterization of tornadoes will provide more knowledge of the variability of tornado impacts on forests, as well as their ecological significance [30].



In Canada, there has been a move to more refined silvicultural practice recently, and this has prompted questions related to the increased risks of significant wind damage [5,31]. Since the frequency and severity of tornadoes will probably increase in the coming decades [32], it is vital to accurately determine what storm intensities (i.e., critical near-surface wind speeds) will cause the majority of damage [33,34]. Tornado hazard analysis in Ontario suggests that the annual probability of exceedance of tornadic gust wind speeds for point objects is relatively low compared to that of synoptic winds [35]. However, for long objects such as a forest, tornadic wind speeds dominate the extreme non-tornadic wind speeds with longer return period events.



Windthrow vulnerability assessment for synoptic weather systems is commonly conducted through hybrid-mechanistic and empirical models using both deterministic and stochastic approaches [36,37,38]. The basis of a number of these methods are mechanistic models of tree stability based on static tree-pulling field tests, and these ultimately provide critical wind speeds for windthrow and stem break failures. This work has identified correlations between tree form and stand characteristics and the different types of tree failure, and this has led to the identification of many relevant variables to explain the occurrence of wind related forest damage [38,39]. Further work has developed these methods to provide long-term forest damage simulations, for the optimal management of these resources, to maximize revenue and minimize risks [40]. However, most of the previous work has been done on single-species, uniform stands [36], and none of the work relates to the mechanistic response to tornadic wind-fields [18], which may have significant uplift loads and very different gust structures.



The work described in this paper forms part of the Northern Tornadoes Project (NTP), which is a collaboration between the University of Western Ontario’s Faculty of Engineering and the Meteorological Research Division of Environment and Climate Change Canada (ECCC). The project is focused on the detection of tornadoes across Canada, particularly in forested areas. It is known that intense thunderstorms occur in many sparsely populated areas of Canada, but tornadoes associated with such storms are rarely reported [41]. This has resulted in large gaps in our tornado climatology. A previous study to determine Canada’s tornado-prone regions attempted to fill in these gaps using statistical modelling [41]. The results suggest that only ~30% of the tornadoes that occur in Canada are being positively verified. A similar but more conservative method was used by Cheng et al. [42] and estimated that only ~50% of tornadoes were identified. The main goals of the NTP are to (a) enhance our understanding of actual tornado occurrence and risk in Canada, (b) validate the statistical modelling and (c) improve methods for the detection of tornado damage paths, particularly in rural/remote locations. Currently, there is considerable uncertainty with regard to the influence of climate change on tornado size, frequency and intensity in Canada. Preliminary data suggest that tornado frequency has not changed significantly, but this is based on a small and regionally disparate sample [43]. In the United States, research suggests that whilst the number of tornadoes has not changed significantly, they are occurring in families more often [44]. There have also been changes in the annual timing of the events, and the regional maximum appears to be shifting eastwards. Knowledge of the climatology of tornadoes in Canada is still in flux, and it is hoped that projects such as the NTP will help to provide better predictions of future tornado activity.



In this paper, a method that has been successfully used previously to predict the characteristics of tornadic wind fields from treefall patterns is employed [27,28]. However, the emphasis of the work is different for the earlier studies; the model is now primarily used for estimating windthrow and stem breakage susceptibility of trees due to different tornadic wind fields. This paper describes the tornado and tree damage models used, the calibration and validation of the models with forest damage from a Manitoban tornado event, the results of a parametric study investigating the effects of tornado and tree and soil characteristics and discusses the implications of the findings for forest ecology and management. The benefits of this type of wind damage reconstruction are in aiding risk assessments for insurance, emergency managers and forest authorities [45,46]. Simulations of possible tornadoes passing through forested areas can be used to calculate the risk of windthrow or stem breakage of trees.




2. Methods


2.1. Model Description


In this study, the Rhee and Lombardo model [28] has been modified to include more accurate windthrow and stem breakage models and has been used to assess the uprooting and/or stem breakage susceptibility of trees during tornadoes. The new windthrow model included addresses the tree failure from a geotechnical engineering perspective that enables the effects of soil properties and state to be assessed. In this model, the tree root structure has been approximated as a circular footing with radius (R) and thickness (d) that represents the root volume spread and depth, respectively. Analogous to shallow structural foundations subjected to general loading conditions, the uprooting resistance of the equivalent root-plate footing can then be predicted.



The stem breakage model is based on a more standard approach. When the applied wind load during a tornado induces stress in the outer fibers of the tree stem that exceed the modulus of rupture (MOR) for green timber, the stem is assumed to break [47].



2.1.1. Tornado Vortex Model and Treefall Patterns


Rankine vortex (RV) model is an idealized vortex model commonly used to describe the rotational wind field of a tornado [48]. The internal rotation wind speed (Vrot) increases until the wind speed reaches a maximum wind speed (Vmax), where the radius is called the radius of maximum wind speed (RMW). The wind speed then starts to decay at greater distances from the vortex center. The rotational wind speed is a function of radius (r), RMW, and a decay exponent (φ) as shown in Equation (1):


      V rot    ( r ) =  V max    (  r  RMW    ) φ    for   r < RMW        V rot    ( r ) =  V max    (   RMW  r   ) φ    for   r > RMW     



(1)







Although a decay exponent value of one was suggested by [25], field radar data have shown variations of the decay exponent from 0.5–0.8 [49,50,51]. The rotational wind speed can be decomposed into radial and tangential components (Vr and Vθ), as shown in Figure 1. The magnitudes of Vr and Vθ are determined by the angle (α) between Vrot and V. Adding the translational wind speed of the tornado (VT) to Vrot yields the resultant wind speed V at any specific radius. Finally, Gmax is the ratio between the translational speed (VT) and the maximum rotational wind speed (Vmax). Hence the Rankine vortex model can be completely defined by five parameters: VT, Gmax, RMW, φ and α. The reader is referred to [28] for more detailed information on each parameter. Figure 1 also shows the wind field of a translating vortex with arbitrary value of parameters. The RMW of the translating tornado is shown in dashed line and location of the total maximum resultant wind speed (   V ^   ) is represented by the black dot.



By introducing the critical wind speed (Vc), which is the speed at which a tree falls (due to windthrow or stem break), the treefall pattern of a tornado can be generated. The tree falls in the direction of the wind blowing at the instant when V exceeds Vc, and these have been determined using the mechanistic tree models described in the next sections.




2.1.2. Windthrow Model


The mechanistic windthrow model assumes that a homogenized tree root structure is enclosed within a cylindrical root-plate volume with radius (R) and thickness (d) that represents the root spread and depth, respectively, as shown in Figure 2a. The root-plate “footing” is subjected to vertical load (FV) due to the above ground and below ground system weight (including the soil), horizontal force (FH) due to the wind load and bending moment (FM) at the stem base.



Similar to shallow structural foundations subjected to a general loading condition in (FV-FH-FM/2R) space, the uprooting resistance of the equivalent root-plate footing can be predicted using a 3D load failure envelope shown in Figure 2b that can be characterized using Equation (2). The 3D failure envelope is a rotated parabolic ellipsoid. Sections perpendicular to the FV-axis can be represented by a rotated ellipse, whilst sections along the FV-axis can be approximated by a parabola. It should be noted that the applied bending moment is normalized by the root-plate diameter (2R) to preserve dimensional homogeneity. Load combinations that lie within the surface are stable; whereas those that exceed the dimensions of the surface will lead to windthrow of the tree.





	Y = (FH/hoVo)2 + (FM/2RmoVo)2 − 2e (FH/hoVo) (FM/2RmoVo) − β122 (FV/Vo + to)2β1 (1 − FV/Vo)2β2 = 0



	β12 = (β1 + β2)β1+β2/[β1β1 β2β2 (to +1)β1+β2]








(2)




where Vo is the vertical uniaxial failure capacity, ho is the maximum non-dimensional horizontal failure capacity (FH/Vo) for zero moment over the full range of FV, mo is the maximum non-dimensional bending moment failure capacity (FM/2RVo) for zero horizontal load over the full range of FV, e is a parameter that describes the ellipse eccentricity/rotation in the FH-FM/2R plan (i.e., e = 0 corresponds to a circular failure surface), R is the footing radius, β1, β2, β12 are the failure surface shape parameters and to is the non-dimensional tension parameter, which is the ratio between the maximum pure vertical pullout load (Pu) and Vo.



The vertical uniaxial failure capacity (Vo) is calculated by multiplying the soil bearing capacity (Qult) by the root-plate area. The soil bearing resistance can be estimated using the general bearing capacity formula [53]:


Qult = c′Nc + q′Nq + 0.5Dγ′Nγ



(3)




where c′ is the soil cohesion, q′ is the effective vertical stress at the root-plate base, D is the root-plate diameter (i.e., 2R), γ′ is the effective soil unit weight (γ − γw), γ is the total soil unit weight, γw is the unit weight of water and Nc, Nq and Nγ are the general bearing capacity factors [54,55,56].



For a pure vertical pullout loading condition, the upward movement of the tree is expected to be accompanied by a separation of a percentage of the outer root length from the surrounding soil. This separation can be attributed to frictional loss at the soil-root interface and the decrease in the number of roots involved in resisting the loads at the outer boundaries of the equivalent root-plate [57,58]. Thus, the maximum pure pullout load (Pu) of the tree can be estimated using Equation (4):


Pu = Wsh + Wrp + Qs



(4)




where Wsh is the shoot weight (stem + crown), Wrp is the root-plate weight and Qs is the pullout contribution of the exposed root length (i.e., which represents approximately 10% of the total pullout resistance).



Several studies have previously been conducted to determine suitable values for the parameters (ho, mo, e, β1 and β2) of the failure surface presented in Figure 2b for foundations [52,59,60,61,62,63]. According to these studies, β1 and β2 can be taken as 0.85 and 0.92, respectively. Strong relationships were also observed between ho, mo and e and the depth to diameter ratio (d/2R) in these studies. Therefore, these three parameters are estimated using Equations (5)–(7).


ho = 0.1236 + 0.1088 (d/2R)



(5)






mo = 0.0771 + 0.042 (d/2R)



(6)









	e = −2.143 (d/2R) for 0 < d/2R < 0.42



	e = −0.9 for d/2R > 0.42








(7)







Further details of this mechanistic windthrow model are provided elsewhere [64].




2.1.3. Stem Breakage Models


The tree resistance to stem breakage is based on the assumption that the wind induced stress in the fibers of the tree stem is constant at all points between the canopy and the butt, as well as at the stem base [65]. Thus, the applied stress, e.g., at breast height or at any other height can be calculated, and when it exceeds the MOR for green timber, the stem will break [47,66]. Therefore, the maximum bending moment (Msb) that a tree stem can withstand without breakage can be calculated using Equation (8).


   M sb    =    π  32     ×   MOR   ×    B 3    ×    K not   



(8)




where Msb is the critical bending moment for stem breakage, MOR is the modulus of rupture, B is the stem diameter and Knot is the knot factor to account for reductions in the capacity due to knots and other wood defects.






3. Results


To evaluate and calibrate the windthrow and stem breakage models, a treefall analysis has been conducted in a Manitoba forest following the Alonsa tornado. This tornado occurred west of Lake Manitoba on 5 August 2018, producing an estimated wind speed between 74 and 89.2 m/s (classified as an EF4 tornado) according to Environment Canada. The Alonsa tornado track (shown in Figure 3) is approximately 12.5 km long with a maximum damage width of 800 m. As can be observed from the figure, the damage distribution within the tornado track is very complex, likely resulting from the continuously varying structure of the tornado [67], with evidence that the tornado varied in Gmax, and rotational wind speed along its length, in turn causing variation in tree damage. Most tornadic wind fields vary spatially and temporally, and thus tornado wind field models should be capable of capturing these variations in the wind components [35].



A series of aerial photos were acquired ten days after the tornado from the Northern Tornadoes Project [68] by a plane flying at approximately 300 m above the track. Orthomosaic images at a pixel resolution of 5 cm were produced, and the tornado centerline and damage extent were estimated as shown in Figure 3. The tornado centerline was estimated based on the location where the most extensive damage happened [28], while the damage extent was estimated according to the location of the furthest damaged tree on both sides (north and south) of the tornado center.



The damage track width eventually extended to 800 m at the mature stage, but some of this damage may possibly have been non-tornadic, such as an inflow band [26]. A non-random convenience sample of 114 damaged trees (i.e., 61 uprooted and 53 stem broken) along the first 6.5 km of the tornado track were extracted and their dimensions (height, DBH, etc.) were measured using ArcGIS software [69]. Trees were selected based on the availability of clear images to determine their dimensions; fallen trees with significant overlap with their neighbors were rejected. Although this is not a truly random sample, the expectations for major bias from this process was believed to be low. Because the imagery had a resolution of 5 cm pixel−1, tree dimension measurements are constrained to an accuracy of not better than 5 cm. These 114 trees were not obscured beneath other trees; therefore, dimensions can be determined from the aerial imagery. Ground observations show that most of the damaged trees along the tornado track belong to trembling aspen (Populus tremuloides Michx) and other hardwood species (e.g., balsalm poplar (Populus balsamifera L.)).



3.1. Windthrow Model


3.1.1. Model Calibration


Due to the scarcity of information on the uprooting resistance of trembling aspen in the literature, the winching test results of similar hardwood species such as red alder (Alnus rubra Bong) trees [70] and Fremont cottonwood (Populus fremontii Wats) trees [71] were used for the model calibration. These two datasets have been combined, and the strongest correlation was observed between the critical overturning moment (FM) and the diameter at breast height (DBH) as presented in Figure 4. Thus, for these hardwood species (e.g., red alder, cottonwood, trembling aspen, etc.), the critical overturning moment can be calculated using Equation (9).


FM = 0.09 (DBH)2.03



(9)




where FM is the critical overturning moment in (kN·m), and DBH is the diameter at breast height in (cm).



The ArcGIS software was used to analyze the aerial photos and obtain information about the sample of 61 uprooted trees (i.e., tree height, DBH, and crown and root-plate dimensions) described in Table S1. The critical applied load (FH) responsible for tree uprooting can be estimated by dividing FM from Equation (9) over the height of the wind load (i.e., weighted average of the wind loads acting on both crown and stem). The corresponding critical wind speed (Vc) was then back calculated using the drag equation as follows:


FH = 0.5 × ρ × Cd × A × Vc2



(10)




where FH is the critical wind load, ρ is the air density (1.2 kg/m3), A is the tree area (stem + crown) from ArcGIS image analysis, Vc is the critical wind speed and Cd is the drag coefficient. For trembling aspen species, Cd at Vc > 20 m/s is equal to 0.28 [72].



Figure S1 presents histograms showing the frequency of uprooted trees over the observed height, DBH and root-plate diameter ranges. The results show that 79% (i.e., 48 trees) of the sample of uprooted trees have DBH between 16 and 26 cm, while 87% of them have a height less than 15.0 m. Similar probability distributions depending on tree size (i.e., DBH) have been observed previously for windthrow [73] for southern boreal tree species. The figure also shows that 62% of the uprooted trees have a root-plate diameter between 1.4 and 2.15 m as illustrated in Figure S1c.



The histogram in Figure S3a shows the number of uprooted trees at different wind speeds. It is observed that the sample of uprooted trees has a lognormal distribution over the observed Vc range with a mean value of 62.3 m/s and a standard deviation of 17.9 m/s, which is illustrated by the probability density function (PDF) in Figure S4a. The percentage of windthrow trees at each Vc value can be obtained from the cumulative density function (CDF) shown in Figure S5a.



The soil textures along the tornado track were obtained from the Manitoba soil observatory and found to vary between sandy loam and silty loam. The soil properties (i.e., unit weight, soil cohesion and friction angle between soil particles) required to estimate the vertical bearing capacity (Vo) and the non-dimensional tension parameter (to) used in Equation (2) were then estimated based on available data in [58,74,75,76].



The windthrow analysis of the sample of 61 uprooted trees indicated that a correction factor needs to be applied to the root plate diameter to correctly fit the failure envelope in FV-FH-FM/2R space. This correction factor (η) is found to be a function of the root plate diameter as shown in Figure 5, and it can be estimated using the power function in Equation (11). This has been found for other species of trees and is thought to be due to allometric changes in the crown, trunk and roots as trees mature [64].


η = 3.11 × D−1.36



(11)




where η is the diameter correction factor, and D is the root plate diameter (2R).




3.1.2. Model Validation


The windthrow model was validated using a different set of 12 trembling aspen trees with a tree volume (H·DBH2) varying between 0.05 and 2.5 m3 (described in Table S2). The wind load responsible for tree uprooting (FH) was calculated using Equation (2) considering the corrected root-plate diameter (i.e., 2Rc = η × 2R). The critical wind speed (Vc) was then back calculated from Equation (10).



The windthrow analysis also shows that the soil moisture condition (i.e., effective soil density, γˋ) is vital in determining the uprooting resistance of trees during tornadoes due to its effect on both Vo and to. Thus, the windthrow model was used to account for unsaturated (i.e., high soil density, γˋ = 17.0 kN/m3) and saturated (i.e., low soil density, γˋ = 3.0 kN/m3) soil conditions. Figure 6 shows the relationship between the critical wind speed (Vc) and tree volume (H·DBH2) for these two conditions. As can be observed from the figure, the developed windthrow model provides a good representation of the uprooted tree response along the tornado track, and the unsaturated and saturated soil conditions appear to represent the upper and lower bounds of more than 82% of the field data, respectively. The figure also shows a decrease in the Vc values with increasing tree size/volume. This behavior can be attributed to the increase in the tree area (stem + crown) and the height of wind load application and has been observed previously by Peterson [21] and others. Consequently, higher wind loads (FH) and overturning moments (FM) can be obtained at lower critical wind speeds.





3.2. Stem Breakage Model


To estimate the maximum bending moment a tree stem can withstand without breakage (Msb), the ArcGIS software was used to obtain information about the crown size and the length (L) and diameter (B) of the broken stem segments of the damaged trees. The analysis of the aerial photos shows that the differences in the stem diameter is generally negligible. Thus, the diameter of the broken stem segment (B) can reasonably be approximated to the diameter at breast height (DBH). Hence, Equation (8) can be re-written as follows:


   M sb    =    π  32     ×   MOR   ×    DBH 3    ×    K not   



(12)







According to Forest Products Laboratory [77], the MOR for trembling aspen in a green condition is equal to 35 MPa. It should be noted that Knot values of 1.0 and 0.75 [71] were considered in the analysis to bound the quality and condition of the broken stems during the tornado event. Similar to the windthrow model, the critical applied wind load (FH) responsible for stem breakage can be estimated by dividing Msb over the weighted average height of the wind loads acting on both crown and the broken stem segment. The corresponding critical wind speed (Vc) can then be calculated using Equation (10).



The frequency distribution of the random sample (Table S3) of stem broken trees over the observed DBH range is presented in Figure S2a. The figure shows that trees with DBH < 18.0 cm have lower stem breakage susceptibility due to their high flexibility. The histogram in Figure S2b shows the number of stem broken trees with respect to their heights. It should be noted that for most of the trees sampled, the stem breakage observed via the ArcGIS software was at a distance between 1.5 and 2.0 m from the base/ground. Therefore, the total tree height was found by adding 1.75 m to the length of the broken stem segment.



The stem broken trees frequency over the calculated critical wind speeds range is shown in Figure S3b. Similar to the windthrow condition, the critical wind speed for the sample of stem broken trees can be represented by a lognormal distribution with a mean value of 57.4 m/s and a standard deviation of 14.7 m/s as shown in Figure S4b. The cumulative percentage of the stem broken trees over the observed Vc range can be obtained from the cumulative density function (CDF) shown in Figure S5b.



The stem breakage model (i.e., Equation (12)) was applied on a different set of 12 trembling aspen trees (Table S4) with a tree volume (H·DBH2) between 0.05 and 2.5 m3, and these results are presented in Figure 7. As can be observed from the figure, trees with Knot = 0.75 have lower stem breakage resistance than those with Knot = 1.0 due to the presence of knots/burls within their stems.




3.3. Windthrow and Stem Breakage Model Outputs


By combining Figure 6 and Figure 7 together, we can produce a composite chart (i.e., Figure 8) showing the relative differences in the critical wind speed (Vc) between the various tree failure scenarios: (a) uprooted trees on saturated soil (U1), (b) uprooted trees on unsaturated soil (U2), (c) stem broken trees with a knot factor of 0.75 (S1) and (d) stem broken trees with a knot factor of 1.0 (S2). From this figure, it is apparent that the critical wind speed relationships with tree size for both windthrow and stem break are non-linear. Those for windthrow are negatively correlated with tree size and those for stem break are positively correlated with tree size. Higher soil moisture contents and lower knot factors reduce the critical wind speeds in all cases. It can be observed that trees with volumes less than 0.41 m3 appear to be more susceptible to stem breakage. While those with H·DBH2 greater than 1.95 m3 appear to be more susceptible to uprooting. For trees with H·DBH2 between 0.41 and 1.95 m3, the failure mode depends more on the soil density/moisture condition and stem quality, as illustrated in Figure 8.



An additional comparison between the critical wind speeds and the ratings of the enhanced Fujita (EF) scale [78] is also made in the figure. This shows that the different cases span the entire EF scale depending on the size of tree and the soil conditions. The equations of the developed windthrow and stem breakage models are also presented in Figure S6, and these relationships are used in the next section for the parametric study.




3.4. Parametric Study


3.4.1. Generic Treefall Patterns


A parametric study was conducted using the treefall analysis and the critical wind speed to H·DBH2 relationships, to investigate the effect of tree size, soil condition and stem quality on the treefall patterns. A tornado with the same vortex parameters was simulated, and a series of treefall patterns were generated for the different hypothetical scenarios: U1, U2, S1 and S2. The simulation of a tornado with a maximum wind speed (Vmax) of 52 m/s approximating a weak EF2 tornado (vortex parameters: VT = 13 m/s, Gmax = 3, α = 0°, RMW = 240 m, φ = 0.7) is shown in Figure 9a (the black arrow indicates the tornado’s translational direction). At each grid point, a tree with H·DBH2 of 0.5 m3 is hypothetically standing, and a treefall direction is recorded if the wind speed at the grid point exceeds the critical wind speed of treefall (Vc). The critical wind speeds for H·DBH2 of 0.5 m3, obtained from Figure 8, are 45.8 m/s (U1), 82.4 m/s (U2), 46.5 m/s (S1) and 53.7 m/s (S2) for each scenario as shown in the figure. For scenarios U2 and S2, no treefall pattern is generated because Vmax does not exceed Vc and treefall does not occur. For U1 and S1, Vc is less than Vmax, and a treefall pattern is generated with a convergence line pointing along the tornado’s translation direction (known as forward convergence). A convergence line is a line parallel to the translating motion of the tornado where the tree fall pattern converges. This pattern is typical for a low Gmax tornado (between 1 and 3). A tornado with a low Gmax would have a relatively stronger translational speed and weaker rotational wind speed by definition. Thus, trees would fall in the direction of the tornado translation, as has generally been found in tornadoes with weaker intensities in the range of EF0 to EF3 [79]. Note that the early stages of the Alonsa, MB tornado exhibited this form of treefall pattern. Furthermore, the treefall pattern and the width of the tree damage (damage width) are approximately the same, as the Vc is very similar for U1 and S1. In Figure 9b, the H·DBH2 is increased to 1.5 m3, but the tornado parameters are kept the same. The Vc for U2 and S2 is still larger than the Vmax, and thus, no treefall pattern is produced. For U1, the damage width is increased because the Vc decreases as the H·DBH2 is increased. On the other hand, the damage width is decreased because the Vc increases as the H·DBH2 is increased for S1. In Figure 9c, alpha (α), which captures the relationship between the radial and tangential velocities, is increased to 30° with the same tree H·DBH2 of 1.5 m3. The alpha value does not influence the Vmax of the tornado nor the damage width as shown (the damage width may change slightly depending on the gird point size). However, it has an important influence on the observed treefall pattern. With the increase in alpha, there is a significant tangential wind speed component in the tornado, causing individual treefall directions to rotate clockwise. As a result, the treefall pattern converges slightly south of the tornado center, as opposed to Figure 9a,b where the treefall patterns converge in the middle of the damage width.



For Figure 10, the Gmax is increased to 6 with all the other parameters kept the same. Consequently, the Vmax is increased to 91 m/s approximating a strong EF4 tornado. As the wind speed of the simulated tornado is increased, the treefall pattern is produced for all scenarios with a significant increase in damage width. For H·DBH2 of 1.5 m3, the critical wind speed is the greatest for U2 and thus the damage width is the smallest. Furthermore, in contrast to Figure 9, the treefall pattern is changed considerably where the treefall direction points towards the center of the vortex, because a tornado with a high Gmax would now have a relatively stronger rotational speed and weaker translational wind speed. The trees along the convergence line now point in the opposite direction to the translation of the tornado (backwards convergence). This type of treefall pattern is usually found in tornadoes EF4 or greater [79]. This treefall pattern was observed in the mature (later) stages of the Alonsa, MB tornado suggesting to some extent that the tornado was in fact a violent tornado, although a more detailed treefall analysis is necessary to estimate the actual wind speed. As opposed to Figure 9, the treefall pattern converges on the north side of the tornado center for Figure 10, because the treefall directions point in the opposite direction of translation for Gmax of 6 and rotate clockwise as alpha is increased to 30°. Figure S7a–c shows the same plots for smaller volume trees and captures very similar results.




3.4.2. Treefall Patterns with Random H·DBH2 Distributions


In this section, to model a more realistic forest, a treefall pattern is generated where a random H·DBH2 is assigned to each grid point using a Gaussian distribution. The mean (0.68 m3) and standard deviation (0.36 m3) were those obtained from the 114 sample trees. Two different soil conditions are assumed, in which both uprooting and stem breakage can occur: (1) unsaturated soil with a knot factor of 0.75, (2) saturated soil with a knot factor of 0.75. Figure 11a,b and Figure 11c,d show the treefall pattern with the random H·DBH2 distribution simulated with the same tornado as Figure 9 and Figure 10, respectively. Due to the tangential wind component (α = 30°), the same effects shown in Figure 9c and Figure 10b can be observed where the treefall pattern converges on the south side and the north side of the tornado center for Figure 11a,b and Figure 11c,d, respectively. For the unsaturated soil, only stem breakage failure occurs in Figure 11a,c, because the critical wind speed value of uprooting is much higher than that of stem breakage. The critical wind speed of stem breakage is higher than that of uprooting when H·DBH2 reaches 1.95 m3 (Figure 8), but the chance of a tree with an H·DBH2 of 1.95 m3 occurring is very low, since 1.95 m3 is more than 3 standard deviation above the mean H·DBH2. For the saturated soil case, the critical wind speed value of uprooting is much lower, but still higher than that of stem breakage for trees with H·DBH2 less than 0.62. Thus, a mixture of uprooting and stem breakage occurs, but with more uprooting as shown in Figure 11b,d. It is evident that the proportion of uprooting to stem breakage failure is, therefore, greatly influenced by the soil conditions and the tree size. Furthermore, the damage width with the saturated soil is slightly greater than the damage width of the unsaturated soil, as the critical wind speed of stem breakage is higher for trees with H·DBH2 greater than 0.62. As illustrated in Section 3.4.1, the damage width decreases as the critical wind speed increases. Supplementary plots for simulations for a knot factor of unity are shown in Figures S8 and S9.






4. Discussion


4.1. Overview


The proposed new model has been used successfully for back-analyzing field data from a post-tornado survey and for prediction of damage of simulated tornadoes in forested areas. Improvements in the assessment of the critical wind speeds for windthrow for different soil conditions and textures should reduce some of the uncertainty associated with the modelling results. Once combined with tornado probability distributions, this model could also be used to support adaptive forest management concepts to minimize financial burdens [25]. This information could also aid monitoring of longer-term recovery [1] and assessment of fire or disease hazard following storms. This section discusses some of the issues associated with the use of this approach for these purposes and some areas where further work will need to be conducted to improve the technique for application in practice.




4.2. Observations from the Study Findings


The risk of wind damage in forested areas is affected by the tree, stand and site characteristics, e.g., species, height, stem diameter, crown shape and area, rooting geometry, soil type and texture, water table location and stand density. Many of these aspects are influenced by forest management strategies and silviculture [80,81,82,83]. The most significant susceptibility to damage is found in stands when sudden changes in wind loading or resistance occur (i.e., where acclimatization has not occurred yet). Some typical examples are trees adjacent to recently clear-felled areas, recently thinned stands or immediately after heavy rain events [37,72,80,84,85]. Although there are geographic and topographic variations, the literature reports that the most significant damage to forested areas occurs when peak wind gusts exceed 40 m/s [86].



The majority of current windthrow risk assessments [87,88] are based on synoptic straight line wind fields, where the turbulence is assumed to be stationery and Gaussian. However, the wind velocity fields and turbulence structures of other common extreme windstorms, e.g., thunderstorms, squall lines, microbursts and tornadoes are significantly different from more classical atmospheric boundary-layer events. Tornadoes in particular have wind fields that have large components of vertical and tangential velocity. Field and wind tunnel studies have found that tornado-induced loading is non-stationary [89], and turbulence and gust statistics are poorly understood for tornadoes. Indeed, the gust factor (ratio of peak wind gust to mean wind speed) is assumed by a number of structural design codes [90] to be unity and the wind loading act more like a short duration impulse loading event (e.g., a blast wave). In a number of regions across the globe, a large proportion of the maximum wind gusts may actually occur in thunderstorms [91]. Such events occur very rapidly, are very short-lived (only lasting up to 5 to 10 min) and then recede equally as rapidly. During the storm, strong wind gusts are created by the severe convective turbulence. The extreme wind speed statistics for Canada predict 50-year return period hourly wind speeds of 30.5–33.2 m/s and 3 second gusts of 46–51 m/s for Manitoba [92], which are considerably less than those observed during the Alonsa tornado. However, it should be noted that these statistics are for mixed storm populations and include both thunderstorm and synoptic events. Therefore, it is probable that extreme wind velocities for longer return period events (those that exceed 10–20 years) are primarily due to thunderstorms. Therefore, the determination of the probability distributions of maximum annual velocities due to thunderstorms and associated wind phenomena (independent of synoptic winds) is necessary to apply the current approach to forest management.



It is worth noting that there is currently strong debate over whether forthcoming anthropogenic climate change will alter tornado size, frequency or intensity. Recently, Elsner et al. [93,94] have observed an increase in the power of tornadoes, as well as a trend for strong tornadoes to stay on the ground longer and have wider damage tracks. Whether these trends are maintained into the future is currently unknown, but Diffenbaugh et al. [95] project future increases in the severe thunderstorm environments that spawn tornadoes, suggesting at least the potential for increased tornado activity as a result of greenhouse gas forcing. In the U.S., tornadoes are less important as an agent of wind disturbance to forests, compared to hurricanes and derechos [96], although hurricanes are rare and concentrated in the Maritime provinces of Canada. Thus, increased tornado activity may be of relatively greater importance in Canada compared to the U.S. If realized, greater wind disturbance is likely to selectively reduce dominance by wind-vulnerable species, such as balsam fir (Abies balsamea (L.) Mill) and jack pine (Pinus banksiana Lamb.), and increase dominance by relatively more windfirm species, such as paper birch (Betula papyrifera Marshall) [97]. In managed forests, silvicultural decisions will need to increasingly balance wind vulnerability against other criteria; one potential choice might be shortened rotation periods to reduce the duration that trees are large and therefore more vulnerable.



The probability of a tornado striking a point object is at least an order of magnitude lower than for other windstorms. However, recent work by Banik et al. [35] indicates that as an object becomes wider (i.e., of the order of 10–100 km), then the probabilities of exceedance of the 30 and 50-year return tornado wind speeds can actually be higher than those of non-tornadic winds. For example, in southern Ontario, the maximum factored 30-year extreme wind speed (three second gust) is 54 m/s [92], and this has an annual probability of exceedance of 5.16 × 10−4. In comparison, for 10 and 100 km long objects, the annual probabilities of exceedance are 2.1 × 10−3 and 2.1 × 10−2. For tornadoes striking 10 and 100 km objects, the 500-year return period gust wind speeds are 52.6 and 91.4 m/s, respectively. For non-tornadic distributions in this region, the corresponding wind speeds range from 30.5 to 48.5 m/s. This suggests that the extreme wind loadings and associated tree damage for boreal forests in Canada are likely to be dominated by tornadoes and thunderstorms.



More intense tornadoes (EF3-5) with wind speeds exceeding 70 m/s create uniform and widespread windthrow [98]. However, the majority of tornadoes (90%) are in the range of EF2-0, with wind speeds less than 50 m/s. Although these tornadoes have significant variability in terms of tree damage, they have sufficient wind velocities to create catastrophic windthrow damage. Reasonable correlations have been found between tornado vortex core radius (damage) and Vmax [99] for less intense events. Hence, the probabilities annual of tornado damage to Canadian boreal forests may be relatively high but are the area affected will be quite localized. Thus, the secondary damages from fire hazard and disease/pest outbreaks becomes particularly important. In addition, due to the size and remoteness of many of these forests, actually identifying the location and extent of this damage can be quite challenging and requires intensive remote imaging methods.



The modelling shown in the last section emphasizes the balance between the tree and site characteristics and those of the tornado. The size of the tree and the mode of failure (stem break or windthrow) are also shown to be important. The current analysis implies that very large trees should always uproot and never break, and the opposite occurs for very small trees. Data from many tornado blowdowns show that uprooting is most prevalent in the medium-to-large size range, but the proportion uprooted often is somewhat lower in the largest size classes [18]. Some representative data from four U.S. tornado-damaged forests are shown in Figure S10, which shows the proportions of trees windthrown and stem broken. The colored portions of each bar indicate trunk-broken trees; white portions of each bar indicate uprooted trees. In each site, only trees > 10 cm DBH are included. Field surveys were conducted in which individual trees were classified by type of treefall and manually measured for DBH and height. These have been partitioning into the same three size classes used in the predictions from this paper. Data for the Gum Road and Blooming Grove in this figure were derived from [18]; data for Boggs Creek and Martin Branch are unpublished data. The data show that the proportion of the two types of damage varies for different events, although there are certainly trends in the data. Trees with communal root systems (such as trembling aspen [100]) would likely behave differently with regard to windthrow mechanisms and critical wind speeds, and the implications of these findings should be investigated further.



The effect of an antecedent rainstorm is also clear from the predictions, which would reduce the resistance of trees to windthrow and is supported by field observations during tree pulling [101] and post-storm surveys [86]. Although this is also dependent on the rate of percolation of the rain into the underlying soil. The tornado track damage width and tree fall patterns are strongly linked to the critical wind speed for tree failure and to the relative translation velocity. Whilst not shown in these analyses, varying the Rankine vortex model decay constant (φ) will also change the relative width of the tornado track [28]. The orography is also known to play a significant role in the risks of damage in forests and can actually be more important than surface roughness in mountainous areas. Talkkari et al. [102] found that stands located on hill tops tend to experience more damage than those in more sheltered areas. Similar observations have been made for tornadoes traversing sloping ground [2]. These researchers documented more severe damage as tornadoes descended ridges and saw less damage as tornadoes ascended ridges. The results were found to be more consistent for shallow slopes compared to steeper slopes. There may also be an effect on the failure mode, with stem break more likely on sloping surfaces, which may relate to changes in the tornado vortex and applied wind loads.



It is interesting to note that the current (rather coarse) enhanced Fujita scale damage indicators for hardwood and softwood trees provide a range of observable phenomena ranging from broken branches to windthrow/stem break [103], associated with different wind speeds. For these general species groupings, windthrow is assumed to happen before stem break, and for the hardwood group, this occurs at approximately 40.7 m/s (windthrow) and 49 m/s (stem break). Figure 8 shows that the potential critical wind speeds for these failure modes are rather more complex, and the soil depth and state in particular (due to precipitation and drainage condition and soil texture) are extremely important. As noted by Godfrey and Peterson [103], the enhanced Fujita scale is currently limited to tornadoes of EF3 rating and lower, and the same authors have provided a method to extend this range up to EF5 events.




4.3. Limitations and Recommendations for Future Studies


Clear-cutting and thinning is known to affect wind speed and direction of local airflow and the subsequent susceptibility of tree stands to synoptic winds [37,80,104]. Our current modelling approach ignores any coupling between the tornado vortex and the forest or topography of the site. Certainly, for larger more intense tornadoes, this assumption is likely to be sufficient. However, for smaller tornadoes (EF3 and below), a heavily forested area can create substantial surface roughness. Surface drag included in the simulations of tornadoes has been found to alter the dynamics of tornado genesis due to generation of vertical vorticity near the ground surface [105]. Drag-induced effects will also occur if a tornado transitions a sharp boundary such as a low roughness surface into a fully mature forest (or vice versa). Further developments of the Rankine vortex model used in this paper will try to address this coupling behavior.



Other improvements to the modelling could include time varying tornado properties and the inclusion of other types of non-stationary wind field, such as downburst and squall line models. Field studies have also shown that closely spaced trees subjected to extreme wind loads and bending significantly can provide substantial mutual support [106,107], thus requiring additional force for windthrow and stem break failures to occur. Further field work is necessary to quantify this extra component of resistance prior to its inclusion in the model. Likewise, the efficacy of static winching studies to produce realistic estimates for windthrow resistance to tornadic wind fields [23,25] still needs to be fully validated.



Finally, this paper has addressed parametric studies of a prototypical forest consisting of trembling aspen and other hardwood species. Further calibrations based on a larger number of field tests and post-storm surveys would provide greater applicability of this technique and could include analysis of a wider range of softwood and hardwood tree species, more soil types and greater assessment of seasonal changes in the tree geometry and mechanical properties.





5. Conclusions


In this paper, a method based on a Rankine vortex model coupled with two mechanistic tree models describing critical wind velocities for stem break and windthrow was used to simulate tree damage during tornadoes. To calibrate the models, a treefall analysis of a Manitoba forest during the Alonsa tornado was used. A power law relationship between failure bending moments and DBH for the hardwood species on the site was found to provide the best correlation. Observed stem break and windthrow of a sample of trees along the tornado track was fitted to lognormal distributions; the mean of the critical wind speed for windthrow (62.3 m/s) was found to be higher than that for stem break (57.4 m/s). Relationships between critical wind speed and tree size for both windthrow and stem break were found to be non-linear. Those for windthrow were negatively correlated with tree size and those for stem break were positively correlated with tree size. Higher soil moisture contents and lower knot factors reduced the critical wind speeds in all cases. Trees with volumes less than 0.41 m3 appeared to be more susceptible to stem breakage, while those with H·DBH2 greater than 1.95 m3 appeared to be more susceptible to uprooting. For trees with H·DBH2 between 0.41 and 1.95 m3, the failure mode depended more on the soil density/moisture condition and stem quality. Parametric study was conducted to assess the induced tree failure patterns for uprooting on saturated and unsaturated soils and stem break with different knot factors for the same simulated tornadoes. The results show forward and backward convergence of the tree fall patterns, increased tornado damage widths and asymmetry of the tracks dependent on the relative magnitudes of the radial and tangential tornado velocities, ratio between the translational speed and the maximum rotational wind speed and the mode of failure of the trees. Further parametric study of random tree sizes showed differing ratios of windthrown and stem broken trees for various tornado characteristics.
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Figure 1. Wind field of a left to right translating vortex with VT = 13 m/s, Gmax = 4.5, RMW = 483 m, α = 45°, φ = 0.55 (Left) and decomposition of the velocity components of the Rankine vortex model (Right) (after [28]). 
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Figure 2. Windthrow model development. (a) Schematic tree representation under general loading condition and (b) failure load surface in the FV-FH-FM/2R space (after [52]). 
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Figure 3. Alonsa tornado track orthomosaic. 
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Figure 4. Relationship between FM and diameter at breast height (DBH) for red alder and cottonwood trees. 
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Figure 5. Diameter correction factor for hardwood trees in the damaged area. 
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Figure 6. Relationship between critical wind speed and uprooted tree volume. 
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Figure 7. Relationship between critical wind speed and stem broken tree volume. 
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Figure 8. Relationships between critical wind speed and H·DBH2 for uprooted and stem broken trees. 
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Figure 9. Treefall patterns with a translating vortex with Vmax = 52 m/s, Gmax = 3, Rmax = 240 m and φ = 0.7, (a) α = 0° and H·DBH2 = 0.5 m3, (b) α = 0° and H·DBH2 = 1.5 m3 and (c) α = 30° and H·DBH2 = 1.5 m3. 
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Figure 10. Treefall patterns with a translating vortex with Vmax = 91 m/s, Gmax = 6, Rmax = 240 m and φ = 0.7, (a) α = 0° and H·DBH2 = 1.5 m3 and (b) α = 30° and H·DBH2 = 1.5 m3. 
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Figure 11. Treefall patterns of trees with random H·DBH2 and knot factor = 0.75: vortex translating with Vmax = 52 m/s, Gmax = 3 on a (a) unsaturated soil and (b) saturated soil, vortex translating with Vmax = 91 m/s, Gmax = 6 on a (c) unsaturated soil and (d) saturated soil. Other vortex parameters are kept constant as Rmax = 240 m, φ = 0.7, α = 30°. 
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