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ABSTRACT: Tornadoes have caused significant damage and casualties in the past decades. These 6 

losses have spurred efforts toward tornado-based design, which require rigorous estimates of 7 

tornadic near-surface wind speeds. Due to difficulty of obtaining in-situ measurements and various 8 

issues regarding Enhance Fujita (EF) scale, a promising method of estimating near-surface wind 9 

speed based on damage inflicted is developed. The method utilizes fall directions of trees and other 10 

objects with distinct fall patterns to describe the characteristics of the tornado and other wind 11 

storms. The observed fall patterns are used to estimate Rankine vortex parameters and reproduce 12 

near-surface wind field. The wind field then can be compared to structural damage as an 13 

independent method. The near-surface wind speeds of different tornado cases were estimated using 14 

this method, one of which (Sidney, IL) exhibited ‘crop-fall’ patterns and yet another (Naplate, IL) 15 

had caused damage to trees and other infrastructures such as street signs. Based on the damage to 16 

structures and the estimated wind speeds from the tree-fall analysis, empirical fragility curves are 17 

also developed, which allows to interpret the vulnerability to tornadoes. The entire process of wind 18 

speed, wind load, structural resistance and ultimately how to mitigate damage then can be better 19 

understood. 20 
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1. INTRODUCTION 25 

In the past two decades, annual average occurrence of over 1,200 tornadoes was reported in the 26 

United States (NOAA, 2018). These tornadoes have caused immense property damage and 27 

significant number of casualties. In recently years, the annual total loss due to these tornadoes has 28 

reached nearly $1 billion (Changnon, 2009). As a result, tornado-based design for all structures, 29 

including residential and commercial structures, is gaining traction in the engineering community 30 

in order to minimize structural damage (ASCE, 2016; Prevatt et al., 2012; van de Lindt et al., 31 
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2013). However, tornado-based design is particularly complicated because tornadoes induce more 32 

complex and extreme wind loading on buildings than straight-line winds (Amini and van de Lindt, 33 

2013), and an inaccurate estimation wind speed can result a considerable error in wind-induced 34 

loading as the pressure is proportional to the wind speed squared. Thus, an accurate estimate of 35 

the near-surface wind field becomes an essential part of implementation of tornado-based design 36 

in codes and standards.  37 

Despite the importance of accurate wind speed estimation, current methods of near-surface 38 

wind speed estimates have several difficulties and flaws. Although the recent development of 39 

portable radar measurements, such as DOW (Doppler On Wheels), has enabled full-scale tornado 40 

data collection (Refan et al., 2017), the radar measurements are limited in numbers and near-41 

surface wind field is poorly understood due to noises and spurious data resulted from ground clutter 42 

and signal blockage near the surface (Oye et al., 1995). An alternate method of classifying tornado 43 

wind speed is through structural damage (e.g. F-scale, EF-scale), which is most commonly used 44 

in practice among engineers and meteorologists. However, there are lingering issues regarding 45 

inconsistency and subjectivity of wind speed estimation based on structural damage assessment. 46 

Doswell (1988) even states that “the F-scale is a damage scale, not an intensity (or windspeed) 47 

scale.” Although it is certain that structural damage and wind speed are correlated, the relationship 48 

between the two is much more complicated due to many factors, including the variability and 49 

subjective judgment in construction quality and type, different aerodynamic effects on shape of 50 

the structure, terrain effects, and etc. (Doswell, 2003; Edwards et al., 2013). As a result, a more 51 

rigorous method for estimating near-surface of tornadic wind speed independent of structural 52 

damage becomes necessary. Furthermore, the majority of the world’s tornadoes occur in open 53 

plains with low population density and therefore structure density is relatively low (Guyer and 54 

Moritz, 2003). This makes EF-scale estimation difficult and thus tornadoes are often underrated in 55 

rural areas due to the lack of number of structures (Edwards et al., 2013).  56 

Due to frequent strikes of tornado and the lack of structures in crop fields, Fujita stresses 57 

the reliability and importance of crop damage pattern in his study of the Plainfield, IL tornado of 58 

28 August 1990. Fujita (1993) exhibits several aerial photographs of various corn damage patterns: 59 

“comma-shaped”, “swirling”, “Eye-shaped” patterns, which can be used to illustrate the 60 

characteristics of tornadoes and downbursts. Different sizes and patterns of the corn damage 61 

provide information on size of the tornado core and formation of suction vortices. Some of these 62 
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patterns can be produced numerically and used to describe the characteristics of tornadoes. A more 63 

detailed investigation of these patterns from Plainfield, IL will be discussed in a later section.  64 

Fragility functions, which are probability functions of exceeding certain limit state at a 65 

given wind speed, can provide quantitative insight on how a structure fails under different 66 

conditions. These fragility functions have been commonly developed analytically in the past 67 

(Amini and van de Lindt, 2013; Ellingwood et al., 2004; Lee and Rosowsky, 2005; Rosowsky and 68 

Ellingwood, 2002). However, recent tornado-based design paradigms propose design based on 69 

limit states (Prevatt et al., 2012; van de Lindt et al., 2013), in which a performance-based design 70 

(PBD) approach becomes necessary. Recently, an empirical approach of building fragility 71 

functions was adopted, using numerically reproduced wind fields (Nishijima, 2012; Roueche et al., 72 

2017), and the tree-fall analysis has been used as one of the tools to estimate the near-surface 73 

tornadic wind fields. Also, these empirically derived tornado fragility curves can be compared to 74 

straight-line wind fragility curves to visualize the difference in failure. 75 

In this paper, a robust method of estimating near-surface tornadic wind speed using tree-76 

fall and crop patterns is discussed. The method analyzes fall direction and swath of trees and crops 77 

that describe the characteristics of the tornado. The Rankine vortex (RV) parameters are estimated 78 

based on the fall patterns and the near-surface wind field is reproduced (i.e. tree-fall analysis). The 79 

authors seek to demonstrate the potential of tree-fall analysis and its future work for improvement 80 

through discussion of methodology and general framework. In application, the tree-fall analysis is 81 

first applied to different tornado cases and the numerical wind field of each tornado is generated 82 

using the vortex parameters that characterize the tornado. Then, comparison between wind speed 83 

estimate from the tree-fall analysis and estimate from structural damage and other wind indicators 84 

is examined. Lastly, empirical fragility curves are built using the wind speed estimated from the 85 

tree-fall analysis.  86 

 87 

 88 

2. METHODOLOGY 89 

2.1. Tree-fall Analysis Method 90 

2.1.1. General History and Development 91 

Johannes Letzmann, who was a pioneer of tornado research and influenced by Alfred Wegener, 92 

attempted to construct a composite wind field of a translating vortex using the idea of superposition 93 
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of rotational and translational velocities. Consequently, Letzmann determined the near-surface 94 

tornadic wind field and created hand-drawn hypothetical forest damage patterns (Peterson, 1992), 95 

which became the foundation of tornado wind field modeling using tree-fall pattern and influenced 96 

many modern tornado researchers in reconstructing tornadic wind fields. For example, Holland et 97 

al. (2006) adopted Letzmann’s model, combined with a tree resistance model to wind by Peltola 98 

et al. (1999), and generated analytical tree-fall patterns that could be used to assess storm 99 

characteristics. More recently, other researchers have compared the analytical patterns to actual 100 

observed patterns and estimated the near-surface wind speed of various tornadoes (Bech et al., 101 

2009; Beck and Dotzek, 2010; Karstens et al., 2013; Lombardo et al., 2015). Other methods of 102 

estimating near-surface wind field using tree damage have also been developed. Independent of 103 

tornado vortex model, Godfrey and Peterson (2017) estimated the probability of trees blown down 104 

at different wind speed based on the wind resistance model by Peltola and Kellomäki (1993) and 105 

determined the EF-scale of forest damage. 106 

 107 

2.1.2. Tree-damage Documentation (Tree-tagging) 108 

Documentation of tree damage is an essential part of tree-fall analysis. Aerial photographs, which 109 

are often available, can display the tree damage pattern along the tornado track. With a Geographic 110 

Information System (GIS) software and high resolution aerial photographs, the geographic 111 

coordinates and fall direction of individual tree can be easily identified. Tree damage can be also 112 

documented in ground surveys. In general, the location and direction of trees in multiple transects 113 

are recorded using GPS unit cameras. Detailed ground survey is important because valuable tree 114 

information, unattainable from air, can be obtained from ground. Studies have shown that the tree-115 

fall risk has a consistent relationship with tree size, species, and properties (Peterson, 2007), which 116 

are more easily identified on the ground. These values can provide better estimate on the critical 117 

wind speed of tree-fall, which is one of the important parameters used in the tree-fall analysis.  118 

 119 

2.2. Tree-fall Analysis Inputs and Outputs 120 

2.2.1. Rankine Vortex and Critical Wind Speed (Model Inputs) 121 

Once the tree-fall patterns are documented, an idealized vortex model can be used to simulate the 122 

numerical tornado wind field and tree-fall patterns. A Rankine vortex (RV) model is a simple 123 

vortex model that is widely used to describe wind distribution of tornadoes and hurricanes 124 
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(Lewellen, 1993). The horizontal wind speed distribution of a stationary tornado has two regions: 125 

1) a core region where the rotational wind velocity increases until the radius of maximum wind 126 

speed (RMW) and 2) an outer region with an exponential decay of velocity beyond RMW, as 127 

shown in Fig. 1. In equation, the rotational wind speed (Vrot) at different radius (r) is described as 128 

following: 129 

 130 
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 133 

where φ is the decay exponent and Vmax is the maximum speed at RMW. Typically, φ = 1.0 has 134 

been used in Letzmann’s work and other studies (Beck and Dotzek, 2010). However, recent studies 135 

suggest that the decay exponent ranges between 0.5 and 0.8 based on Doppler radar data of 136 

tornadoes (Bluestein, 2007; Kosiba and Wurman, 2010, Wurman and Alexander, 2005). Example 137 

of normalized RV model with different exponents is shown in Fig. 1.  138 

The rotational wind speed (Vrot) of tornado near surface can be decomposed to two 139 

components: the radial component (Vr) and tangential component (Vθ), as shown in Fig. 2. 140 

Although it is often assumed that the tornado flow field is dominated by the tangential component 141 

at higher elevation, there is a significant radial component due to a strong radial inflow near-142 

surface (Gallus et al., 2004). The magnitudes of Vr and Vθ are determined by alpha (α), which is 143 

the angle between Vrot and Vr. The Vrot can be described purely radial and tangential at α = 0° and 144 

α = 90°, respectively. Adding the translation speed of the tornado (VT) to the Vrot yields the resultant 145 

wind speed (V) in the wind field at any radius. Fig. 2 illustrates the wind components and the 146 

resultant wind speed at a specific location. Typically, a constant translational speed is assumed in 147 

the analysis for simplicity and the storm motion from radar or ground observation is used as a 148 

proxy for tornado translation (Beck and Dotzek, 2010; Lombardo et al., 2015). However, if 149 

available, one may use a time varying translational speed. Karstens et al. (2013) estimated and 150 

used the translational speed of two tornadoes (Joplin, MO and Tuscaloosa-Birmingham, AL 151 

tornado) at different times based on the tornado vortex signature (TVS) positions. 152 



6 

 

Two additional parameters are used in the tree-fall analysis that determine the tree-fall 153 

pattern. The first parameter is Gmax, which is the ratio between Vmax and VT. The equation for Gmax 154 

is provided in Eq. (2). 155 

 156 
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 158 

The maximum resultant wind speed (�� ) can be derived from Gmax and VT. For a point where r = 159 

RMW and the VT vector is aligned with the Vmax (Fig. 2), the magnitude of two vectors can be 160 

summed to determine �� . The derivation of ��  is shown in Eq. (3). 161 

 162 
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 164 

The second parameter is the critical wind speed (Vc) at which a tree or crop will fall. It is assumed 165 

that the tree will fall in the direction of wind blowing at the instant when V exceeds Vc. In this 166 

study, an average value of Vc has been used. As mentioned in the earlier chapter, the critical wind 167 

speed of tree-fall information can be obtained in ground survey. Using the ground survey 168 

information, Vc can be determined with a mechanistic tree risk model by Peltola et al. (1993, 1999). 169 

There are also experimental means that can determine the Vc. Researchers in forestry have 170 

conducted winch tests, where trees are winched and the force required to overturn is measured by 171 

load cell, to determine tree resistance to overturning (Cucchi et al., 2004; Peterson and Claassen, 172 

2012). Critical wind speed then can be estimated from the critical bending moment. Further, wind 173 

load on full-scale trees (i.e., real trees) at different wind speed was tested at Florida International 174 

University’s Wall of Wind (WoW) (Aly et al., 2013). These experimental studies further extend 175 

investigation on the effects of soil type and soil-to-roots interaction. In addition to trees, the Vc of 176 

various crops has been modeled and tested in the agriculture field. The wind lodging of wheats in 177 

different conditions was examined using a portable wind tunnel (Berry et al., 2003; Sterling et al., 178 

2003). Recently, a more generalized model of crop lodging that can be applied to wide range of 179 

crops has been developed (Baker et al., 2014), which can enable the application of tree-fall analysis 180 

in agricultural areas. 181 

 182 
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2.2.2. Tree-fall Patterns (Model Outputs) 183 

Different combinations of the RV and Vc inputs produce different tree-fall patterns, which have 184 

several possible outputs. Examples of these outputs are damage width (DW), damage ratio (DR), 185 

and mean direction (MD). DW is the total width of the tree damage and DR is the ratio of DW on 186 

either side (i.e., south and north) of the convergence line in a given transect. Convergence line is 187 

defined as the estimated location where the tree-fall pattern converges to a line parallel to the 188 

tornado translating motion. However, tree-fall pattern may not always converge, resulting DR to 189 

be indeterminate, and thus DR may not be the most appropriate output to use. As DR may be 190 

undefined in some cases, an additional output, MD, is introduced. MD is the average tree-fall angle 191 

within certain spacing or bin and can be used for tree-fall patterns without a convergence line. 192 

Illustration of these outputs is shown in Fig. 3.  193 

 194 

2.2.3. Output Comparisons 195 

Once the outputs of the observed and simulated pattern are determined, the “best-matched” 196 

combination of parameters can be ascertained by comparing the outputs (DW, DR, and MD) of the 197 

two patterns. As opposed to scalar outputs (DW and DR), MD is a directional output and thus the 198 

cosine of the angle between the simulated and observed direction vector (i.e. unit vector) can be 199 

used for comparison. The cosine of the difference in angle is computed as shown in Eq. (4). 200 

 201 
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 203 

Beta (β) denotes the angle between &�''' and &() , which are the direction vector of observed and 204 

simulated, respectively. Since &�''' and &()  are both unit vector, the denominator in the fraction is one 205 

and the final product of cos(β) becomes a simple dot product of two vectors.  206 

In general, various different transects perpendicular to the tornado track are selected for 207 

comparison. The input parameters that define the tornado characteristics and the critical wind 208 

speed of tree-fall are used in a factorial design and the “best-matched” parameters are determined 209 

through multiple iteration process. In the initial process of parameter determination, an 210 

approximate range of the parameters is first estimated based on the overall tree-fall pattern and 211 

interaction plots (see Section 2.2.4). The initial range of estimated parameters are then prescribed 212 
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into the vortex model that will generate different outputs. This process is iterated, comparing the 213 

outputs of the simulation and observation, until the parameter combination with minimum “error” 214 

in outputs is determined. Finally, the wind field that “best” represents the actual tornado wind field 215 

can be generated using the “best-matched” parameters. A schematic drawing of the tree-fall 216 

analysis process is shown in Fig. 4. Real-life applications of the tree-fall analysis are discussed in 217 

the later section. 218 

There are other methods of comparing the observed and simulated pattern in other studies. 219 

Bech et al. (2009) and Beck and Dotzek (2010) compared the overall tree-fall pattern from the 220 

tornado to the simulated pattern. Although this method may be valid, one should take caution as 221 

different combination of parameters can produce similar pattern. In recent years, a more detailed 222 

comparison method was developed. Karstens et al. (2013) normalized the tree-fall directions by 223 

subtracting the estimated tornado translation direction, which were averaged in 100-m-wide bins. 224 

The mean cross section of the normalized direction plots for observed and simulated are then 225 

compared. More recently, Lombardo et al. (2015) used numerically defined outputs, such as the 226 

fall direction and the distance to the convergence line addition to the damage width (DW) and 227 

damage ratio (DR) of multiple cross section of Joplin, MO tornado for comparison. 228 

 229 

2.2.4. General Tree-fall Pattern Examples 230 

Examples of simulated tree-fall patterns and their outputs are discussed in this section. As an 231 

example, the tree-fall pattern changes significantly with two input parameters: Gmax and alpha (α). 232 

In case of high Gmax (generally 4.0-6.0), the rotational speed of the tornado is much greater than 233 

its translation speed and the trees are more likely to fall inward, towards the center of the vortex 234 

and the opposite direction of translation. On the other hand, a low Gmax (generally 1.0-3.0) suggests 235 

a relatively higher translational speed and the trees are more likely to fall in the direction of 236 

translation for the same Vc. Examples of tree-fall patterns with two different Gmax values are shown 237 

in Fig. 5a and 5b.  As the Gmax increases from 3.0 (Fig. 5a) to 4.5 (Fig. 5b) with a constant α = 0°, 238 

an apparent change of tree-fall pattern and an increase in DW are noticed. If VT is unchanged, Eq. 239 

2 implies that an increase in Gmax results an increase Vmax, therefore causing more trees to fall. On 240 

the other hand, the damage ratio (DR) is unaffected by change in Gmax (Fig. 5a-5b). With the 241 

convergence line located along the center of the tornado for both Gmax = 3.0 and Gmax = 4.5, the 242 

DR becomes 1.0 for both cases, as the damage width is the same on the south and the north side 243 
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of the convergence line. The alpha (α) parameter also contributes significantly to the tree-fall 244 

pattern. As α increases from 0° to 90°, the simulated vortex flow changes from a pure radial flow 245 

to pure tangential flow. Unlike Gmax parameter, α has a great effect on the DR due to the change in 246 

the vortex flow and little effect on the DW. It is evident that the DR increases significantly from 247 

1.0 to 17.7 (Fig. 5b-5d) whereas the DW hardly changes. As α increases, the convergence line 248 

starts to shift north of the tornado center, causing DR to increase drastically. Eventually, the 249 

convergence line for α = 90° becomes undefined and the DR is no longer applicable (Fig. 5e). Note 250 

that DR is highly sensitive to grid spacing. Using a fine grid spacing is suggested as a more accurate 251 

DR will result though a prolonged computational time is expected. As smaller grid spacing is used, 252 

the DR should converge to a single value. A grid spacing of 0.05 miles was used for Fig 5. 253 

Fig. 6 shows examples of tree-fall pattern generated at the beginning of the tornado 254 

simulation. These patterns resemble some of crop patterns that Fujita emphasizes in his study 255 

(Fujita, 1993). Represented by black arrow, the left figure of Fig. 6 resembles the “comma-shaped”, 256 

and the right figure resembles the “swirling” pattern of crop damage in Fujita 1993. Alpha (α) = 257 

45° and α = 90° were used for the “comma-shaped” pattern and the “swirling” pattern, respectively. 258 

These numerically simulated patterns show great potential in crop damage application.  259 

More generally, different combinations of input parameters interact with each other 260 

differently and therefore produce different outputs. The relationships between different parameters 261 

and their interaction effects are shown in Fig. 7. The plots exhibit regression lines of percentage 262 

change of outputs (DW and DR) over the percentage change of different inputs. In Fig. 7 (left), it 263 

is evident that the DW increases as Gmax and VT increase, but decreases as φ and Vc increase. As a 264 

result, rapid increase in slope is noticed as Gmax increases and Vc decreases. Intuitively, lower Vc 265 

would result an increase in DW since more trees would fall due to lower critical tree-fall wind 266 

speed. Fig. 1 illustrates a slower wind speed decay for lower φ, resulting a wider DW. Higher Gmax 267 

and VT contributes to higher maximum resultant wind speed (�� ) (refer to Eq. (3)), thus increasing 268 

both Gmax and VT will increase the DW significantly. Although DW interaction is rather intuitive, 269 

the DR interaction is much more complicated and less intuitive because the convergence line (C.L) 270 

does not always exist. Furthermore, the position of the C.L is dependent on the tree-fall pattern 271 

and the size of DW on the north and south side (referred as DW1 and DW2 in Fig. 5), which are 272 

also dependent on the total DW. The interaction plots for DR with different Gmax, α, and Vc are 273 

shown in Fig. 7 (right). One apparent notice is that DR increases significantly as α increases (as 274 
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also shown in Fig. 5). For a low α (top row of Fig. 7), the slopes are rather flat, indicating that Gmax, 275 

RMW, and Vc do not contribute significantly, but the interaction effects take place and the other 276 

parameters begins to contribute to the change in DR more as α increases. For high Gmax and α and 277 

low Vc (blue line in bottom right figure of Fig. 7), the DR shows great sensitivity to the change in 278 

RMW, displaying almost a 120% increase (large negative slope). Note that these trends are valid 279 

only within the range of the parameter change and thus estimation outside of the parameter range 280 

should not be extrapolated. The trend and exact values are also subject to change for different 281 

reference parameters, but the general trend should be similar. These interaction plots can be useful 282 

for general interpretation of the RV and other parameters.  283 

 284 

 285 

2.3. Model Supplements 286 

Generally, a stationary vortex model is assumed to be symmetric in tornado wind field modeling. 287 

However, studies have shown that some tornadoes exhibit large asymmetry in wind field even with 288 

the translation speed subtracted, possibly due to additive effects of forward or rear flank down-289 

draft (Doviak and Zrnić, 1993; Wurman and Gill, 2000). Thus, one way to compensate this is to 290 

divide the vortex model into quadrants with different parameters. Fig. 8 shows an example of RV 291 

model with different parameters in different quadrants. Varying parameters may allow to generate 292 

more realistic tree-fall pattern for some tornado cases. 293 

Although the tree-fall analysis on different tornadoes in this study is based on the RV model, 294 

the RV model can be replaced with other tornado models, such as Burgers-Rott, Sullivan (Wood 295 

and Brown, 2011), and Houston-Powell model (Houston and Powell, 1994), to describe the wind 296 

profile. Furthermore, in-situ wind field measurements such as the radar velocity field, if available, 297 

can be incorporated into the tree-fall analysis. Refan et al. (2017) analyzed a series of radar data 298 

from multiple tornadoes using Ground-Based Velocity Track Display (GBVTD) analysis. The left 299 

figure of Fig. 9 is the azimuth wind field (at z = 43 m), including the tornado translation speed 300 

(24.5 mph), of the 2005 Stockton, KS tornado. The right figure of Fig. 9 shows fictitious tree-fall 301 

patterns that could have been produced by simulating this vortex. Refer to Refan et al. (2017) for 302 

detailed information about the radar measurements. Tree-fall analysis not only can be applied to 303 

tornadoes, but also to other wind storms with sufficient tree-fall data. By substituting the RV model 304 

with other wind field models, such as downburst model (Holmes and Oliver, 2000) and tropical 305 
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cyclone model (Holland et al., 2010), the tree-fall pattern and near-surface wind field of other wind 306 

storms can be produced. 307 

   308 

 309 

2.4. Other Techniques 310 

In the past, tree identification and tagging (converting tree images to digital vectors) process has 311 

been carried out manually. However, for tornadoes with very large area of tree damage, tree 312 

identification becomes tedious and requires lots of manpower. With the recent development of 313 

advanced patterning recognition techniques, an automated tree identification process of detecting 314 

and tagging tree-falls in aerial photos can reduce the manual work significantly. Furthermore, 315 

using pre-simulated tree-fall patterns as a training set, machine learning technique can also extract 316 

“best-matched” parameters automatically without having to simulate tornado vortex and thus 317 

reduce the computational time. With these two techniques, from raw geo-located aerial photo to 318 

wind speed estimation, the whole process of estimating wind field can be entirely automated, 319 

creating a comprehensive “package”, where meteorologists or engineers can use to estimate the 320 

near-surface tornadic wind speed.  321 

 322 

 323 

3. APPLICATIONS 324 

3.1. Application in Joplin, MO tornado  325 

On the 22 May 2011, a devastating EF-5 rated tornado struck the city of Joplin, Missouri and 326 

caused 116 fatalities and nearly $2 billion total losses. The damage and location of nearly 1200 327 

residential houses and the tree-fall direction and location of nearly 5000 trees were documented 328 

by ASCE and NIST respectively, as part of the post-storm inspection (Prevatt et al., 2013; 329 

Kuligowski et al., 2014). Several studies have analyzed the Joplin, MO tornado, using the tree-fall 330 

analysis, and simulated the near-surface wind field (Karstens et al., 2013, Lombardo et al. 2015). 331 

Lombardo et al. (2015) in particular makes a detailed spatial comparison between the EF scale 332 

rating from the damage survey and the estimated wind field. Furthermore, multiple empirical 333 

fragility curves (e.g. DODs, Roof failures) of Joplin, MO tornado were developed using the 334 

information obtained from ground survey and the wind speed estimated from tree-fall analysis 335 

(Roueche et al., 2017). These empirical fragility curves can be used to investigate the vulnerability 336 
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for residential houses and different types of roof failure. Roueche et al. (2017) then compares the 337 

empirical fragility curves to the analytically derived fragilities using straightline winds (FEMA, 338 

2012) and estimates the tornado load amplification factors (TLF).  339 

 340 

 341 

3.2. Application in Naplate, IL tornado 342 

On 28 February 2017, multiple tornadoes touched down in the state of Illinois and the eastern part 343 

of Missouri. The peak wind speed of the strongest tornado that struck Naplate, IL was estimated 344 

155 mph by the National Weather Service (NWS) (NWS, 2017). A few days after the tornado, an 345 

exhaustive damage survey was conducted in the city of Naplate by the Wind Engineering Research 346 

Laboratory (WERL) at University of Illinois at Urbana-Champaign. Damage survey included 347 

documentation of the location and the Degrees of Damage (DOD) for FR12 (One- and Two-Family 348 

Residences); and the location (both standing and fallen) and fall direction of fallen trees. In 349 

addition, detailed dimensions and fall direction of other infrastructures, such as distribution poles 350 

and street signs, were measured. The post-damage map of data collected in survey is displayed on 351 

ArcGIS (Fig. 10). From the information from tree-fall and associate damage, the tornado center 352 

line (red line) and the approximate range of RV parameters (Gmax and α) were then estimated. The 353 

tornado center line was first estimated based on the location where the residential house took the 354 

most damage and where the trees converged. In Fig. 10, the fallen trees near the tornado center 355 

point toward the direction of the tornado translation (red line), which roughly resembles the tree 356 

fall pattern in Fig. 5a. A low Gmax (1.0-3.0) was estimated based on this observation. Further, more 357 

damage was inflicted on the south side than on the north side of the convergence line, which also 358 

allowed an initial estimate of α range. For the output comparison analysis, similar to the Joplin, 359 

MO tornado, the damage width (DW), damage ratio (DR), and Mean Direction (MD) were 360 

compared. The resulting “best-matched” parameters yielded hardly any difference in DR and DW, 361 

and an average 45.5° difference in MD where the average spacing was 100 m x 100 m bin. The 362 

storm motion of 23 m/s (51.4 mph), estimated by the Storm Prediction Center (SPC, 2017), was 363 

used for the translational speed in the analysis and the “best-matched” parameters (Table 1) were 364 

found based on the RV model. The wind field generated by the “best-matched” parameters is 365 

shown in contour in Fig. 10. It is evident that the wind speed was the highest, and thus caused the 366 
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most damage, near the tornado center. The maximum wind speed estimated was 129 mph (EF-2) 367 

as opposed to 155 mph (EF-3) estimated by the NWS. 368 

In the Tropical Cyclone Yasi report, failed and non-failed road signs (“windicators”) are 369 

used to estimate the peak gust of the cyclone (Boughton et al., 2012). Some of the failed street 370 

signs that were inspected during the Naplate, IL damage survey and used to compare the estimated 371 

wind field. The failure wind speed of some of the street signs was calculated using the maximum 372 

bending moment of the posts. The detailed steps of analysis and equations can be found in the Yasi 373 

report (Boughton et al., 2012). An example of street sign failure is shown in Fig. 10. The maximum 374 

wind speed from the tree-fall analysis corresponding at the location of the failed street sign was 93 375 

mph, and the failure wind speed of that street sign (with some uncertainty in the geometry) ranged 376 

between 82 and 100 mph. Another method to estimate wind speed using the ratio between standing 377 

trees and the fallen trees (Godfrey and Peterson, 2017) was applied to the Naplate, IL tornado and 378 

a maximum wind speed of 116 mph was estimated, resulting about 10% difference from the tree-379 

fall analysis with RV model.  380 

Empirical fragility curves were also developed using the maximum wind speed from the 381 

tree-fall analysis and the DODs of the residential houses collected from the survey. For each DOD, 382 

a binary damage state (0, 1) was assigned to each house with associated the maximum wind speed, 383 

and the lognormal best fit parameters were determined (Roueche et al., 2017). Then, the 384 

probabilities of structures meeting or exceeding a DOD at a given wind speed were determined as 385 

shown in Fig. 11. Due to insufficient data for the higher DODs, only DOD1 through DOD4 were 386 

constructed. The curves show an evident increase in mean failure wind speed with higher DODs. 387 

Comparing the fragility curves of Naplate tornado to those of Joplin tornado (Roueche et al., 2017), 388 

DOD1 and DOD2 display very similar curves, but the curves for DOD3 and DOD4 showed 389 

considerable difference (Fig. 11). The probability of meeting exceeding or exceeding DOD4 at 390 

wind speed of 150 mph is about 0.91 for the Joplin tornado, whereas the probability is about 0.68 391 

for the Naplate tornado. Such difference may have occurred because much smaller sample size of 392 

DOD3 and DOD 4 in Naplate IL and lower maximum wind speeds from which the curves were 393 

conditioned. As stated previously, these fragility curves may be used to interpret the vulnerability 394 

of the residential houses to tornadoes. 395 

 396 

 397 
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3.3. Application in Tuscaloosa, AL 398 

The wind distribution within a tornado is very complex due to its continuously varying structure 399 

(Grazulis, 2001). The tornado wind field varies spatially and temporally and thus tornado wind 400 

field models should be able to capture these variation in wind components (Banik et al., 2007). 401 

These changes in wind components often result change in tree-fall pattern along the track, which 402 

suggests spatially and temporally varying RV parameters in the tree-fall analysis. For example, the 403 

27 April 2011, Tuscaloosa-Birmingham, AL tornado translated through the city of Tuscaloosa 404 

(approximately 7.5 miles) and caused severe structural and tree damage. A series of aerial 405 

photographs were acquired by the National Oceanic and Atmospheric Administration (NOAA) 406 

Remote Sensing Division, which are made available online by the Nation Geodetic Survey (NGS) 407 

(https://storms.ngs.noaa.gov/). The approximate ground sample distance (GSD) is 0.35 m per pixel. 408 

Approximately 6,000 fallen-trees in the city of Tuscaloosa were converted to digital vector on 409 

ArcGIS. Along the tornado track in the city, a significant change in tree-fall patterns was noticed, 410 

indicating spatially varying RV parameters as the tornado translates. A series of transects along 411 

the track displayed different tree-fall patterns and outputs were chosen and analyzed. Fig. 12 412 

displays the digitally converted tree-fall direction and the tornado track with the analyzed transects. 413 

The tree-fall directions normalized by the direction of the tornado track were determined and color 414 

coded as denoted range in the legend. An apparent increase in the DW and change in tree-fall 415 

direction can be noticed along the tornado track. Early in the track, the trees appear to fall towards 416 

more perpendicular to the tornado track. Most of the normalized tree-fall direction within the range 417 

of 0°-45° and 315°-360° (red) and 135°-225° (blue), suggesting a strong radial flow. However, as 418 

the tornado translates along the track, a more rotational pattern starts to form as more trees start to 419 

fall within the range of 225°-3155° (black) near the center of the tornado track and 135°-225° 420 

(green) near the most south of the DW, indicating stronger tangential flow than earlier. Note that 421 

the normalized tree-fall direction is 0 due south respect to the direction of the tornado track, 422 

increasing counter-clockwise. The tornado track can be divided into multiple sections or transects 423 

and analyzed individually. This can provide detailed analysis of how the tornado characteristics 424 

and the wind field changed over time. The same tree-fall analysis method applied in the previous 425 

sections can be applied to determine them. In addition to the conventional RV model, azimuthally 426 

varying parameters in some sections can be utilized. In mountainous terrain, towards the end of 427 

the Fig. 12, tornadic damage patterns may have change because the topographic variation could 428 
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influence the damage severity significantly (Cannon et al., 2016). On the top right corner of Fig. 429 

12, the tornado exited the city and entered a region with significant terrain and topography. A 430 

number of trees that fell in the direction of the mountain ridges can be noticed. A special 431 

topographic effect should be considered when analyzing this region.  432 

The Tuscaloosa-Birmingham, AL tornado had a damage path length of approximately 433 

80.68 miles (NWS, 2011), damaging a large portion of heavily forested area. The aerial photos 434 

provided by the NGS have countless number of fallen trees. A detailed tree-fall analysis over a 435 

long span would be almost impossible with the traditional tree identification and tagging process. 436 

A case such as the Tuscaloosa-Birmingham, AL tornado would be an ideal case to utilize the 437 

patterning recognition and machine learning technique. With the help of supercomputing power, 438 

an automated tree-fall analysis can be done even for an astronomical volume of trees.  439 

 440 

 441 

3.4. Application in Sidney, IL 442 

Assessing tornadic damages and estimating near-surface wind speed in agricultural areas has been 443 

a challenge due to lack of structures. Fujita was a pioneer who conducted a detailed survey of wind 444 

storm damage (including a tornado) in crop fields. Fujita (1993) identified many unique crop-fall 445 

patterns (e.g. Fig. 5) that show great potential in near-surface wind speed estimation. However, 446 

there has not been any detailed studies looking at these crop-fall patterns since. On 9 September 447 

2016 near Sidney, IL, an EF-2 rated tornado traversed over large field of mature soybeans and 448 

corns (NWS, 2016) and intriguing crop damage patterns that resembled tree-fall patterns were 449 

noticed, prompting WERL to conduct a ground survey and attempt to apply the tree-fall analysis 450 

in crop fields. Although the corns were harvested by the time of arrival, the location and direction 451 

of the soybean fall were recorded (red arrows in Fig. 12) and no structural damage was discovered 452 

in the vicinity. However, an interesting discovery in this particular damage survey was the 453 

formation of convergent and divergent patterns of soybeans. A convergent pattern (black arrows) 454 

was identified on the north side, and a divergent pattern (blue arrows) on the south side of the 455 

tornado center as shown in Fig. 12. An up-close photograph of the convergent pattern with 456 

diameter of approximately 2 m is shown on the top. It is speculated that these patterns illustrate 457 

possible indications of multiple vortices. Many studies have confirmed the existence of multiple 458 

vortices or small-scale vortices within a large vortex (Agee et al., 1975, 1977; Bluestein & 459 
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Pazmany, 2000; Fujita, 1970; Pauley and Snow, 1988). Wurman (2002) was able to obtain radar 460 

image of multi-vortices tornado using DOW and analyze them in more detail. Although the 461 

convergent and divergent patterns were found in field survey and inclusion of multiple vortices in 462 

the analysis could alter the result, they were not considered in this study. Low Gmax (1.0-3.0) and 463 

α (0-20) were presumed initially as the larger scale soybean-fall pattern pointed toward the 464 

direction of the tornado translation and the damage on south and north side of convergence line 465 

was roughly the same. The SPC recorded a storm motion of 15.4 m/s (34.4 mph) (SPC, 2016), 466 

which was used in the simulated model and resulted the “best-matched” parameters (Table 1). The 467 

simulated crop-fall pattern (yellow arrow) and the resulting wind field (contour) are shown in Fig. 468 

13. An EF-0 was rated in this particular location according to the NWS (NWS, 2016), whereas the 469 

maximum wind speed was estimated at 110 mph (EF-1) based on the crop-fall analysis. This 470 

supports the observation that EF-scale estimation is often underrated in agricultural areas and 471 

suggests that improvement of EF-scale or other means of wind speed estimation is essential. The 472 

patterns between the simulated and observed in Fig. 13 show good agreement though the outputs 473 

(DW and DR) produced up to 40% difference for some transects. Possible discrepancies could have 474 

been inherited from using a symmetric RV model and incorrect estimation of translation speed (VT) 475 

and critical wind speed of soybean lodging (Vc). As stated in section 2.4, an asymmetric wind field 476 

could have exited in the tornado and may improve the result. Also, the translational speed used in 477 

the simulation was the averaged storm motion predicted by the NWS. However, it is possible that 478 

the instantaneous translational speed at the surveyed area was significantly different from the 479 

averaged storm motion. An accurate estimation of the critical lodging of crops is much more 480 

complex and requires numerous other parameters, such as soil strength, growth stage, rainfall, and 481 

etc. (Baker et al., 2014), which were not accounted in this analysis. Nonetheless, there some 482 

advantages in crop-fall analysis over tree-fall analysis. Some advantages of crop-fall analysis in 483 

agricultural area are: 1) the spacing between the crops are constant and 2) the crops have fairly 484 

uniform dimensions and properties compared to those of trees used in the tree-fall analysis. Despite 485 

the complexity, crop-fall analysis with further improvement demonstrates great potential in 486 

tornadic wind speed estimation in agricultural areas.  487 

 488 

 489 

 490 
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4. CONCLUSIONS 491 

Wind speed estimation in tornadoes, due to their transience, intensity and complexity remains 492 

difficult. In many cases, tornadoes knock down a large volume of trees and provide valuable 493 

information on characteristics of the tornadoes. Tree-fall analysis utilizes the patterns of fallen 494 

trees during a tornado event and characterizes the patterns based on a translating Rankine vortex 495 

(RV) by comparing the outputs of the observed pattern to the simulated pattern. Using the 496 

estimated parameters, the near-surface wind field map of the tornado can be reconstructed and 497 

used as an independent method of wind speed estimation from structural damage. The estimated 498 

near-surface wind field then can be used to determine wind-induced tornado loading and other 499 

applications in tornado-based design. Empirical fragility curves can also be constructed based on 500 

the wind speed estimate and structural damage. The tree-fall analysis was applied to several 501 

different real-life tornadoes. The maximum wind speed estimation from tree-fall analysis on the 502 

Naplate, IL tornado yielded 129 mph (EF-2) as opposed to 155 mph (EF-3) by the NWS. The wind 503 

speed estimation was compared with other viable method, resulting maximum 12% difference in 504 

wind speed. Tree-fall analysis also has applications in risk and reliability studies. Empirical 505 

fragility curve uses the estimated near-surface wind field generated by tree-fall analysis and the 506 

damage assessment of nearby structures to predict the probability of failure. Comparison of the 507 

fragility curves between Naplate, IL and Joplin, MO tornado suggests that the residential houses 508 

experienced DOD1-2 performed roughly equally under tornado wind load although the DOD3-4 509 

showed significant difference. For tornadoes that exhibit significant changes in tree-fall patterns 510 

along the track or within same transects, such as the Tuscaloosa-Birmingham, AL tornado, time 511 

varying or azimuthally varying parameters should be considered in the analysis.  512 

 Upon improvement, tree-fall analysis has vast potential and application. The RV model 513 

can be replaced with other severe wind storm models, such as downburst and tropical cyclone 514 

model, and the tree-fall analysis can be used to identify and estimate the wind field of other wind 515 

storm events. Tree-fall analysis demonstrates great potential in crop-damage as well. The 9 516 

September, 2016 Sidney, IL tornado case was an unprecedented example of utilizing crop-damage 517 

to estimate near-surface tornado wind field in agricultural field. The crop-damage exhibited 518 

patterns similar to the tree-fall patterns, which led to attempt incorporation of tree-fall analysis in 519 

vegetation other than trees. The simulated soybean-fall pattern showed good agreement with the 520 

observed pattern. However, the model outputs had moderate differences. Other literature on crop 521 
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research show highly complicated relationship between wind speed and crop-lodging. Further 522 

investigation on crops and improvement in the methodology is necessary to apply tree-fall analysis. 523 

Incorporating advanced pattern recognition and machine learning technique is another essential 524 

part of future tree-fall analysis. This can allow a rapid wind speed estimation of many different 525 

tornadoes, or different segments of a tornado, that can be widely adopted to the public or any other 526 

researchers. 527 

 528 
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FIGURES 1 

 2 

 3 

 4 

Figure 1. Normalized Rankine vortex (RV) model with different decay exponents. In the core 5 

region, the wind speed increases until (r/RMW = 1.0) and then decreases exponentially in the outer 6 

region.  7 

 8 

 9 

 10 

Figure 2. A translating tornado vortex on a grid (left); and wind components (Vr, Vθ, and VT) and 11 

the resultant wind speed (V) (right) at a specific point. Note the translation direction of tornado is 12 

left to right. (Vt = 30 mph, Gmax = 4.5, RMW = 0.3 miles, α = 45°, φ = 0.55). Wind speed below 65 13 

mph (below EF-0) is not colored. The point of maximum overall wind speed (�� ) is also shown. 14 

 15 

 16 
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 17 

 18 

Figure 3. Tree-fall pattern produced by the translating tornado vortex in Fig.2 (left) with Vc = 85 19 

mph; Illustration of DW, DR, and MD (right). DW1 and DW2 denotes the DW on the north and 20 

south side of the convergence line (C.L.), respectively. DR = DW2/DW1. Note that a grid spacing 21 

of 0.1 miles is used in the simulation and an average spacing of 0.3 miles is used for MD.  22 

 23 

 24 

 25 

Figure 4. Generic tree-fall analysis process from aerial photo and observation to near-surface wind 26 

field estimation. 27 

 28 

 29 
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 30 

 31 

Figure 5. Examples of tree-fall pattern with different Gmax (4a-4b) and α (4b-4e). Note that the 32 

tornado vortex is moving from left to right (blue arrow) and parameters not shown in the figure 33 

were kept constant (VT = 30 mph, RMW = 0.2 miles, φ = 0.5, Vc = 85 mph). Convergence line is 34 

indicated in red line and the fall directions are labeled at x = 0 where 0 degree is due the true south 35 

and increases clockwise. A grid spacing of 0.1 miles is used for the simulation for illustration 36 

purposes.   37 
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 42 

Figure 6. Examples of the simulated fall pattern in the beginning of the tornado that resembles 43 

“comma-shape” (left) and “swirling” (right) pattern. The parameters used for the simulation are 44 

written on top of each figure. 45 

 46 

 47 

 48 

Figure 7. Example of interaction plot of DW (left) and DR (right). Note that the reference 49 

parameters to percentage change are: (1) VT = 30 mph, Gmax = 4.5, phi (φ) = 0.8, Vc = 60 mph (left); 50 

and (2) Gmax = 4.5, Vc = 60 mph, alpha (α) = 30, RMW = 0.35 miles (right). The following 51 

parameters are fixed for each plot: (1) α = 15°, RMW = 0.3 miles (left); and (2) φ = 0.8, VT = 30 52 

mph (right). 53 
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Figure 8. A translating tornado vortex (Fig .2) with different RV parameters used in each quadrant. 60 

φ1 = 0.5, φ2, φ4 = 0.55, φ3 = 0.6, where the subscript denotes the quadrant. Note that wind speed 61 

below 65 mph (below EF-0) is not colored. 62 

 63 

 64 

 65 

Figure 9. Radar velocity field (left) of the Stockton, KS tornado. Hypothetical tree-fall pattern 66 

(right) produced by translating the radar velocity field. Note that the vortex was dropped at (0,0) 67 

and translated from left to right and the critical wind speed of tree-fall (Vc) of 80 mph was used. 68 
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 72 

Figure 10. Damage survey map of Naplate, IL tornado over laid with the wind field (contour) 73 

produced from the tree-fall analysis. Residential houses (circles) are color coded according to its 74 

DOD rating. Tree-fall (black), distribution pole (red), and street-signs (blue) fall directions are 75 

shown in arrows. Note that the tornado is moving from left to right (red line indicates estimated 76 

tornado center). Example of street sign failure shown in bottom right. 77 

 78 

 79 

 80 

Figure 11. Empirical fragility curves of degrees of damage (DOD) for FR12 (one- and two-81 

family residences) of Naplate, IL and Joplin, MO tornado. 82 
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 84 

Figure 12. Direction of tree-fall from Tuscaloosa-Birmingham tornado. The arrows are color 85 

coded based on the tree-fall direction normalized by the direction of the tornado track. The 86 

tornado moved from southwest to northeast. 87 
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Figure 13. Crop-damage survey map of Sidney, IL tornado over laid with the wind field (contour) 95 

produced from the tree-fall analysis. Observed (red), including convergent (black) and divergent 96 

(blue), and the simulated (yellow) soybean-fall patterns are shown in arrows. Note that the tornado 97 

is moving from west to east and the convergent and divergent patterns are not drawn in scale. 98 

 99 
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TABLES 1 

 2 

Table 1. “Best-matched” parameters for Naplate, IL tornado (left) and Sidney, IL tornado (right) 3 

Naplate, IL Tornado Sidney, IL Tornado 

Parameters “Best-matched” value Parameters “Best-matched” value 

Gmax 1.5 Gmax 2.2 

Alpha (α) 27.5 Alpha (α) 5.0 

RMW (m) 95 RMW (m) 12.5 

Phi (φ) 0.75 Phi (φ) 0.65 

Vc (m/s) 34 Vc (m/s) 36 
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