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ABSTRACT

Enhanced Fujita (EF) scale estimates following tornadoes remain challenging in rural areas with few

traditional damage indicators. In some cases, such as the 27 April 2011 tornadoes that passed through mostly

inaccessible terrain in the Great Smoky Mountains National Park and the Chattahoochee National Forest in

the southeasternUnited States, traditional ground-based tornado damage surveys are nearly impossible. This

work presents a novel method to infer EF-scale categories in forests using levels of tree damage and a coupled

wind and tree resistance model. High-resolution aerial imagery allows detailed analyses based on a field of

nearly half a million trees labeled with their geographic location and fall direction. Ground surveys also

provide details on the composition of tree species and tree diameters within each tornado track. A statistical

resampling procedure randomly draws a sample of trees from this database of observed trees. The coupled

wind and tree resistance model determines the percentage of trees in that sample that fall for a given wind

speed. By repeating this procedure, each wind speed value corresponds with a distribution of treefall per-

centages in the sampled plots. Comparing these results with the observed treefall percentage in small subplots

along the entire tornado track allows estimation of the most probable wind speed associated with each

subplot. Maps of estimated EF-scale levels reveal the relationship between complex terrain and wind speeds

and show the variability of the intensity of each tornado along both tracks. This approachmay lead tomethods

for the straightforward estimation of EF-scale categories in remote or inaccessible locations.

1. Introduction

A reliable tornado climatology relies on accurate

estimates of tornado pathlength, width, and intensity.

Edwards et al. (2013) point out the difficulty of such

estimates, even after the adoption of the enhanced

Fujita (EF) scale (WSEC 2006), which relies on the

availability of a selection of damage indicators (DIs)

within the damage swath of a tornado. It remains par-

ticularly challenging to assign wind speed estimates in

rural areas with few traditional DIs, as in dense forests.

Yet forests account for over 60% of the total land area

of the southeastern United States (Oswalt et al. 2014),

making typical ground-based damage assessments rather

difficult in these areas.

For example, several 27 April 2011 long-track torna-

does passed through heavily forested and often in-

accessible terrain across the southern Appalachian

Mountains. One tornado, rated EF4, traveled 18mi over

the western portion of the Great Smoky Mountains

National Park (GSMNP) in eastern Tennessee. This

tornado received its rating based on a single damage

indicator—the tornado collapsed a metal truss tower

along an electrical transmission line (NWS Morristown,

Tennessee, 2011, personal communication). Although

the upper bound for this particular damage indicator is

near the peak of the range of wind speeds corresponding

with an EF3 rating, the surveyor noted the extraordinary

damage to the trees in the area and decided to augment

the rating to an EF4. A second tornado, rated EF3,
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traveled 38mi across themountains of northernGeorgia

in the Chattahoochee National Forest (CNF). This tor-

nado received its rating based on damage to numerous

structures near the very end of its long path. In both

cases, the vast majority of the tornado track remained

inaccessible to surveyors on the ground because of the

absence of roads or trails. These rare and notable events

provide a unique and valuable opportunity to assess

tornadic winds in heavily forested and mountainous

areas through analyses of forest damage.

Research on observed tornado behavior in rough

terrain remains limited in the peer-reviewed literature.

Fujita (1989) performs a detailed analysis of the forest

damage patterns produced by a violent tornado in the

mountainous terrain of northwest Wyoming. Dunn and

Vasiloff (2001) examine the Doppler radar presentation

of a tornado that passed through Salt Lake City, Utah,

and note the similarity between the damage patterns in a

forested area outside the city with those observed by

Fujita (1989). Following an analysis of damage patterns

produced by several Pennsylvania tornadoes, Forbes

(1998) lists some common characteristics of damage

patterns in relation to certain topographic features.

Cannon et al. (2016) use vertical aerial photographs to

characterize tornado damage severity along the same

two tornado tracks discussed in the present study and

provide evidence that suggests that damage severity

decreases as tornadoes ascend ridges and increases as

they descend into valleys. Bluestein (2000) analyzes a

tornado in the high terrain of Colorado, while LaPenta

et al. (2005) and Bosart et al. (2006) review case studies

of tornadoes in complex terrain in eastern New York

and western Massachusetts, respectively. Numerous

authors use numerical simulations to study near-surface

tornado dynamics (e.g., Dessens 1972; Fiedler 1994;

Fiedler andRotunno 1986; Lewellen and Lewellen 2007;

Lewellen et al. 1997; Lewellen et al. 2000, 2008; Roberts

et al. 2016; Schenkman et al. 2014), but only recently has

anyone attempted to incorporate very simple terrain

variations into either supercell simulations (e.g., Homar

et al. 2003; Markowski and Dotzek 2011; Smith et al.

2016) or models that explicitly resolve tornado-like

vortices (Lewellen 2012). Thus, observational studies

that characterize the near-surface tornadic wind field in

complex topography remain vitally important.

Previous studies of tornado tracks through forests (e.g.,

Bech et al. 2009; Beck and Dotzek 2010; Blanchard 2013)

suggest that the orientation and degree of damage of

fallen trees will allow a reconstruction of the near-surface

wind field. Letzmann (1925) presents the original foun-

dation for this type of analysis and derives predictions of

surface-level wind fields based on analytical solutions to

simple Rankine vortex events. By assuming that trees fall

in the direction of the wind at the moment the force ex-

ceeds their rooting or trunk strength, Letzmann (1925)

notes that the spatial patterns of fallen trees, and their

orientations, preserve a signature of the surface-level

winds as a tornado moves over a forested landscape.

More recently, Holland et al. (2006) combine Letzmann’s

(1925) wind field model with forestry models of tree

stability developed by Peltola and Kellomaki (1993) for

European trees (i.e., Norway spruce).

Tree stability models calculate the force of the wind

on a tree with knowledge of its species, height, trunk

diameter at 1.4m above the ground [i.e., diameter at

breast height (DBH)], and either observed or inferred

crown width and depth. The force of the wind on a

segment of the tree is a function of the cross-sectional

area of the tree segment, wind velocity, air density, and

drag coefficient. This force causes a mechanical de-

flection of the crown from the vertical that, along with

the weight of the deflected crown, causes a bending

moment at the base of the tree. Tree stability models

compare this bending moment with estimates of the

critical bending moment (i.e., the force necessary to

cause failure) for trunk breakage or uprooting. An in-

dividual tree’s DBH and known species-dependent

values for wood strength provide estimates for the crit-

ical bending moment for trunk breakage, while empiri-

cal winching studies (e.g., Peltola 2006) allow estimates

of the critical bending moment for uprooting. If the

bending moment exceeds either critical bending mo-

ment, the tree falls.

Holland et al. (2006) modify Peltola and Kellomaki’s

(1993) tree stability model with parameters for loblolly

pine in the southeastern United States and produce

hypothetical forest damage patterns from a simulated

tornado, though the authors did not have the opportu-

nity to compare the predicted damage patterns with

empirical observations. Bech et al. (2009) examine ac-

tual tree damage patterns and compare them to classes

of Letzmann’s (1925) predictions, but do not include a

tree stability component, thereby implicitly assuming a

homogeneous stand of trees. Beck and Dotzek (2010)

more fully develop this approach by examining actual

tree damage patterns after two European tornadoes,

using simulated vortices and the Peltola and Kellomaki

(1993) tree stability model. Using this approach, the

authors infer wind field parameters for the two torna-

does, demonstrating, for example, the temporal evolu-

tion of intensity along the tornado track. Karstens et al.

(2013) used the Beck and Dotzek (2010) approach to

produce similar estimates of tornado intensity based on

analyses of treefall patterns in two tornadoes, but used

the thresholds for damage to the vegetation DIs in the

EF scale to create a distribution of critical wind speeds

244 WEATHER AND FORECAST ING VOLUME 32



necessary to blow down trees. The present authors also

attempted to use the Beck and Dotzek (2010) approach,

combined with a tree stability model (Peltola and

Kellomaki 1993), to characterize the near-surface wind

field through rugged terrain for the same two subject

tornadoes under scrutiny in this study. While this method

shows great promise in relatively flat areas, unpublished

research efforts indicate that the approach will not work

in regions with complex topography because of the dra-

matic influence of the terrain on the near-surface wind

field.

The present work therefore describes a novel method

to infer EF-scale levels from forest damage using the

degree of tree damage to a sample of trees and a coupled

wind and tree resistance model. This new approach re-

mains independent of the source of the wind. Its wind

speed estimates therefore apply to any type of wind

damage.

2. Data

a. Aerial imagery

Sixty-four days after the tornado outbreak, a char-

tered flight captured vertical aerial photographs along

the entire length of both tornado tracks. The plane

made two passes along each track, giving a total com-

posite image width of about 1500m (5000 ft) with a

nominal pixel resolution of 20 cm (8 in.). These high-

resolution, georeferenced images show individual tree

trunks, crowns, and root balls (Fig. 1). With a few

mouse clicks per tree within GIS software, each of the

130 000 clearly identifiable downed trees shown in the

imagery received an electronic label marking its geo-

graphic coordinates and fall direction. Nearby standing

trees also received tags recording their geographic

coordinates. Together, over 448 000 fallen and standing

trees received electronic labels. In addition to its use

here, this unique dataset will likely provide a valuable

source of observations for future studies of forest

damage in complex terrain.

b. Ground surveys

Ground surveys provide valuable information that is

unobtainable from the air. The authors recorded details

on each tree within dozens of 400-m2, randomly selected

sample plots in each tornado track, including the tree

species, trunk diameter (i.e., DBH), fall direction, snap

heights, whether or not the tree remains alive, and the

damage type. Damage types include ‘‘branches bro-

ken,’’ ‘‘crown broken,’’ ‘‘snapped,’’ ‘‘bent,’’ ‘‘leaning,’’

‘‘uprooted,’’ and ‘‘intact.’’ Through 2012, the surveys

collected information on 1551 individual trees in 69 plots

in the CNF tornado track and 503 individual trees in 22

plots in the GSMNP track. Tree heights for a small se-

lection of trees in the CNF tornado track weremeasured

in a variety of ways, depending on tree size and position.

One method utilizes a telescoping fiberglass pole that

can measure the heights of relatively short trees. An-

other option involves a simple tape measure to de-

termine the heights of uprooted trees on the ground. For

trees that have snapped, the total height is the sum of the

height of the stump and the length of the remaining

nearby trunk and crown. Other options include an op-

tical rangefinder and simple geometry. The following

analysis assumes that the samples obtained in the

ground surveys represent the species composition and

size distribution of the trees in each respective forest.

3. Methodology

For each tornado track, a statistical resampling pro-

cedure begins by randomly drawing, with replacement, a

small sample of 100 trees from the database of trees

observed during the ground surveys in that particular

forest. Then, a coupled wind and tree resistance model

(Peltola and Kellomaki 1993) determines the percent-

age of trees that fall in this fictitious plot for a set of wind

speeds ranging from light breezes to extreme wind

speeds. The model works by first calculating the lateral

displacement of each tree under the influence of a par-

ticular wind-induced force, and then the resulting turn-

ing moment (or torque) at the base of the stem. If the

turning moment exceeds the tree’s trunk or root system

resistance to breakage or overturning, the tree falls.

Kretschmann (2010) and Panshin and de Zeeuw (1970)

provide the modulus of rupture and the modulus of

elasticity for each species. Since values for the modulus

of rupture typically represent laboratory-tested values

FIG. 1. A sample of a vertical aerial photograph showing indi-

vidual tree trunks, crowns, and root balls. Similar imagery covers

the entire 56-mi length of both tornado tracks.
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for clean, knot-free wood, trunk resistance here is re-

duced to 85% of the ideal trunk strength, following the

recommendations of Gardiner et al. (2000).

Application of the Peltola and Kellomaki (1993) tree

stability model requires knowledge of the species,

height, DBH, crown depth, and crown radius for each

tree. Since the ground surveys could not possibly mea-

sure all of these parameters, it becomes necessary to

augment themeasurements with estimates of tree height

and crown shape for each tree. Observed tree heights

are available for 788 (i.e., approximately half) of the

trees surveyed in the CNF track. For all other surveyed

trees, an estimate of tree height is derived from a

species-dependent height–DBH allometry (Purves et al.

2007). Comparisons between observed and estimated

tree heights (not shown) indicate that the height esti-

mates are reasonable. The ideal tree distribution (ITD)

model (Purves et al. 2007) determines the crown shapes

within a stand of trees by selecting the height of the

canopy above the ground at which the total of the ex-

posed crown areas is equal to the ground area. The

calculation accounts for the species dependence of the

crown radius and crown depth for each tree. As im-

plemented here, the ground area matches the 400-m2

area of the ground survey plots, and the ITD model

calculates crown shapes for the observed trees in each

plot. Therefore, each ground survey plot receives an

estimate of the tree heights and crown shapes for the

actual trees in that plot. Trees with a total height that is

less than the calculated height of the canopy bottom

receive a fixed species-dependent crown radius. In the

original ITD model, these understory trees also

receive a fixed crown depth. Empirical evidence based

on numerous ground surveys suggests that, regardless of

species, observed tree crowns constitute approximately

the upper 50% of the total tree height for canopy trees,

with understory crown depths of around 30%. Un-

derstory trees here, therefore, receive a more reason-

able estimate for crown depth of 30% of their total

height. Taken together, the species, height, DBH, crown

radius, and crown depth allow the tree stability model to

calculate the wind load on each tree. After comparing

the wind load with the resistance of the trunk or root

system, the tree stability model ultimately determines

whether or not the tree falls at a given wind speed.

Each wind speed value, separated by 1m s21 in-

crements, corresponds with a particular percentage of

fallen trees within each random sample of 100 trees

drawn from the database of observed trees. Repeating

the resampling procedure 10 000 times yields a sym-

metric sampling distribution that closely approximates a

Gaussian probability density function and that describes

treefall percentages for each wind speed (Fig. 2). The

shaded region in Fig. 2a, for example, corresponds with a

wind speed of 50m s21 in the GSMNP forest. This wind

speed knocked down an average of 57.1% of the trees in

each of the 10 000 random sample plots, with damage

ranging from aminimumof 38 to amaximumof 74 of the

100 trees knocked down, and with a standard deviation

of 4.98 trees.

In small sections of the real forest, the assignment of

an EF-scale level proceeds by assessing the observed

percentage of fallen trees. These subplots measure

100m 3 100m, a scale chosen both to approximate

roughly the number of trees in the fictitious plots and to

provide adequate spatial coverage while still capturing

spatial variations in damage severity. Themost probable

wind speed that produced the damage in each subplot

then corresponds with the associated sampling distri-

bution, with its peak matching the observed percentage

of trees blown down in that forest section (Fig. 3). To

avoid undersampling, the assignment procedure ignores

subplots with 10 or fewer total trees. Excluding such

subplots, each subplot on average contains 70 total trees,

with averages of 85 trees and 59 trees per subplot in the

GSMNP and CNF tracks, respectively.

4. Maps of EF-scale damage

Application of this estimation procedure to the entire

length of both tornado tracks yields maps showing esti-

mates of the EF-scale ratings based on forest damage

severity (Fig. 4). The procedure also captures the vari-

ability in the intensity of each tornado along its track and

appropriately assigns lower EF-scale levels on the out-

side edges of the damage tracks and assigns higher EF-

scale levels nearer to the center of each track. Notably,

both tornadoes produced damage rated EF5 by the es-

timation technique, where nearly 100%of the trees were

blown down in the small subplots. Also, a few subplots

rated EF5 border subplots with ratings of EF0 or no

rating at all. This result is consistent with the authors’

own observations and with those of Blanchard (2013),

who also studied forest damage from tornadoes and

noted sharp spatial gradients in the level of damage

within the forest. The small-scale variability also stems

from the relationship between the surface flow field and

the complex terrain.

Figure 5 shows a section of the GSMNP tornado track

near the intersection of the Hatcher Mountain Trail and

the Little Bottoms Trail along Abrams Creek (see the

inset in Fig. 4). The EF-scale ratings appear overlaid on

the aerial imagery, showing the standing and fallen

trees. In this section of the forest, the tornado moved

from the bottom left to the top right (i.e., northeast), first

descending a mountain toward Abrams Creek, then

246 WEATHER AND FORECAST ING VOLUME 32



ascending Hatcher Mountain toward the top right of the

image. As the tornado crossed Abrams Creek and ran

into the steep hillside, the flow likely constricted and

accelerated. The tornado completely destroyed the dense

forest canopy on the hillside facing the oncoming tornado

(Fig. 6), and the wind accelerated up a small valley to the

north of the hill, but left the trees on the back side of the

hill nearly untouched. The automated EF-scale estima-

tion procedure captures the variability in the damage on

this small scale.

The technique also captures the likely wind speeds

responsible for the damage, as shown in Fig. 6. Here, the

bottom-left portion of the image corresponds with a

subplot to which the estimation procedure assigned

FIG. 2. Probability density functions describing the percentage of trees blown down at various

wind speeds in 10 000 fictitious sampleplots using trees drawn fromadatabase of observed trees in

the (a) GSMNP and (b) CNF. The shaded region in (a) corresponds with the example in the text.
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a wind speed of 64m s21 (143mi h21), equivalent to a

rating of EF3, and the right two-thirds of the image

corresponds with a subplot with an estimated wind

speed of 87m s21 (195mi h21) and a rating of EF4. This

result remains entirely consistent with the levels of

damage observed in person in this area of the forest. The

highest degree of damage associated with the vegetation

DIs of the EF scale describes debarked trees with only

the stubs of the largest branches remaining. For hard-

wood trees, the expected wind speed associated with

this degree of damage is 64m s21 (143mi h21), and for

softwood trees the expected wind speed is 59m s21

(131mi h21). The authors observed numerous examples

of stubbed trees along this section of the tornado track,

yet no obvious examples of debarking. However, de-

barking may primarily occur only in urban and resi-

dential areas as a result of the increased availability of

damaging debris compared with a forested environment

(Peterson and Godfrey 2014).

5. Discussion

The technique described here uses tree damage severity

following tornadoes or other windstorms to estimate the

wind speed responsible for the damage. The results of the

automated analysis remain consistent with the authors’

groundobservations in both tornado tracks and capture the

spatial variability of the damage. Notably, the analysis

requires a balanced spatial distribution of tagged trees in

each subplot (i.e., approximately every nth tree must be

tagged) in order to avoid corrupting the calculation of the

percentage of the fallen treeswithin that subplot.However,

application of a filtering algorithm that considers only a

certain number of trees within a given area could easily

solve the problem by accounting for spatial density varia-

tions resulting from two different tree labelers or analyses

viewed at different zoom levels or pixel resolutions. The

wind speed assignment procedure also assumes a uniform

wind speed across each subplot, similar to the assumptions

of Canham et al. (2001). This bold assumption ignores the

fact that the terrain influences the near-surface tornadic

flow field on small spatial scales, as is clearly evident in

Fig. 3. The assigned wind speed therefore represents a

smoothed value for the wind speed in each subplot. The

chosen areal coverage of the subplots thus necessitates a

balance between the requirement for a sufficiently large

sample of trees and the requirement for sufficiently small

spatial coverage to avoid excessive smoothing.

The individual probability density functions that de-

scribe treefall percentages for each wind speed value

depend upon the results of the tree stability model. This

model in turn depends strongly on the published mod-

ulus of rupture and the modulus of elasticity for each

tree species, mostly determined through laboratory

studies on homogeneous, straight-grained wood. Real

trees may have a different response than that given by

the model when subjected to strong winds. Empirical

winching studies can help to determine the mechanical

FIG. 3. A section of the GSMNP tornado track illustrating the assignment procedure for EF-

scale levels. Red arrows represent fallen trees, yellow dots represent standing trees, and the

black lines show the boundaries of the 100m3 100m subplots. At the top left, for example, the

tornado knocked down 53% of the trees in the subplot, corresponding with a most probable

wind speed of 47m s21 and an EF-scale rating of EF1.
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properties of real trees by pulling on the trunks with a

known force until they break or uproot (Peterson and

Claassen 2013; Cannon et al. 2015).While this technique

remains very rare in the United States, researchers in

Canada, the United Kingdom, and Scandinavia practice

the techniquemore commonly. Further winching studies

on trees found in U.S. forests will improve our quanti-

tative understanding of the dependence of both tree size

and species on the wind resistance of these trees. With

such improved estimates of tree strength, the tree sta-

bility model could more reliably determine the fate of a

particular tree at a given wind speed, thereby altering

the empirical sampling distributions employed in the

approach presented here.

Additionally, this estimation technique easily allows for

the calculation of confidence intervals on eachwind speed

estimate. First, each of the fictitious sample plots receives

a wind speed assignment for the complete range of pos-

sible percentages of downed trees from 0% to 100%. For

example, if the model knocks down 52% of the trees for a

wind speed of 46ms21 and 54% of the trees for the next

higher wind speed of 47ms21 in a particular sample, then

the higher wind speed of 47ms21 must also knock down

53% of the trees. With this 10000-member sampling dis-

tribution for each percentage of trees blown down, the

95% confidence interval is the range defined by the 250th

and the 9750th sorted samples. For example, the most

probable wind speed for an observed treefall percentage

of 76% in a subplot in theGSMNP track is 62ms21 with a

95%confidence interval defined by the range 56–70ms21.

This method can therefore provide a range of possible

wind speeds, and corresponding EF-scale levels, re-

sponsible for a given degree of damage observed in a

forest with a particular species composition and size dis-

tribution, as shown in Fig. 7 for the GSMNP forest. The

wind speed estimates and confidence intervals will vary

from those shown in Fig. 7 for different tree populations.

This objective wind estimation technique differs from

the traditional EF-scale approach by removing sub-

jectivity. Wind speed estimates depend only on the

percentage of downed trees within a small area and

other measurable factors. Additionally, the vegetation

DIs of the EF scale suffer from the limitation that EF3 is

the highest possible rating, as well as a number of other

concerns outlined by Peterson and Godfrey (2014). In

contrast, the approach outlined here allows ratings up to

EF5 within forests. However, one would expect that the

number of subplots assigned an EF0 rating would ex-

ceed the number assigned EF1, and that each stronger

rating would be assigned to fewer subplots. This is true

in each tornado track up to a rating of EF4, but the

number of EF5 ratings assigned to individual subplots

using this approach actually exceeds the number of EF4

FIG. 4. EF-scale ratings assigned to small subplots along the

length of the (a) GSMNP and (b) CNF tornado tracks. The inset in

(a) is the region shown in Fig. 5. Note that the scales differ in each

map. The GSMNP track is 18mi long and the CNF track is

38mi long.
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ratings, suggesting that the scheme may overestimate

the wind speeds necessary to blow down trees. Values in

the tree stability model, particularly for the critical

bending moment for trunk breakage or uprooting, may

therefore need some revision to reduce the estimated

wind speed associated with extreme levels of damage.

A spatial shift in the location of each subplot does not

appear to make a substantial impact on either the overall

distribution of EF-scale levels along the tornado track or

the general character of the visual presentation of the

damage map. The area of the subplot, however, must be

chosen carefully. The distributions of EF-scale levels re-

main similar whether the subplot dimension is 75m3 75m

or 200m 3 200m, so the area of each grid cell does not

appear to impact the overall results significantly. The trade-

off, however, is decreased resolution with larger grid sizes

and the inability to capture spatial variations in damage

severity. A visual assessment of damage photos overlaid

with EF-scale estimates shows that maps with a doubled

grid dimension to 200m 3 200m (i.e., a quadrupled area)

clearly suffer from this lack of spatial detail. On the other

hand, a smaller grid dimension of 75m 3 75m does not

provide adequate spatial coverage for each subplot and can

dramatically inflate the number of subplots with EF5 rat-

ings. For the density of trees in the GMSNP and CNF

forests, subplots measuring between 100m 3 100m and

150m 3 150m contain a rough average of approximately

100 trees and produce the most reasonable results.

This approach does not account for the duration of

maximum wind speeds. While there is some evidence to

suggest that a species-dependent difference in resistance

to long-duration wind speeds, such as in hurricanes,

compared with short-duration gusts may be due to par-

ticular leaf shape or trunk properties (e.g., Xi et al. 2008),

the relationship between the duration of the wind and the

damage to trees remains unknown. Therefore, a modifi-

cation of this method to account for wind duration would

have no quantitative basis given current knowledge,

though future research could inform suitable refinements.

Soil and rooting conditions may also influence a tree’s

resistance to strongwinds. In the long term, soil drainage

and soil depth both influence tree stability because they

FIG. 5. EF-scale estimates near the intersection of the Hatcher Mountain Trail and the

Little Bottoms Trail along Abrams Creek in the GSMNP (see inset in Fig. 4). The star in-

dicates the location of the photographer and the red line corresponds with the field of view in

the photo shown in Fig. 6.

FIG. 6. Photograph, taken 27 months after the GSMNP tornado,

looking east showing a steep slope that the damage estimation

technique labeled EF3 (left third) and EF4 (right two-thirds). The

tornado completely destroyed the dense forest canopy.
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can limit rooting depth (Nicoll et al. 2006). Soil moisture

conditions that vary according to precipitation, drainage

conditions, and soil texture can strongly influence re-

sistance to uprooting, which decreases nonlinearly with

increasing soil water content (Kamimura et al. 2012).

However, given the very fine spatial scale of these var-

iables, the authors chose not to sample the soils as part of

the ground surveys. Personal observations during these

surveys suggest that very little of the tornado tracks in-

clude permanent wetlands, so the results presented here

are likely not unduly influenced by long-term soil satu-

ration. Nevertheless, application of this or similar ap-

proaches would need to account for the fact that trees

will fall more easily in saturated soils, so downward

adjustments to the estimated wind speeds would be ap-

propriate in such circumstances.

Given the intense manual labor involved with both the

ground surveys and the labeling process for each tree via

GIS software, this study primarily serves only as a proof of

concept to demonstrate the feasibility of such an EF-scale

estimation technique. However, this approach may easily

lead tomethods for the straightforward estimation of EF-

scale levels in remote or inaccessible locations. To pro-

vide useful EF-scale estimates in a short time frame, the

method requires the speedy acquisition of high-resolution

vertical aerial photographs or satellite imagery. Ideally,

an automated tree-tagging algorithm could quickly pro-

cess the georeferenced imagery and determine the loca-

tions of both standing and fallen trees. Alternatively, a

supervised classification algorithm, as in Cannon et al.

(2016), could quickly determine damage severity based

on aerial or satellite imagery, followed by application of

the technique described here to assign EF-scale levels.

A user may also choose to target only specific regions

within the aerial imagery that exhibit the most extensive

tree damage in order to obtain a maximum EF-scale

rating. Additionally, predeterminedwind speed estimates

that correspond with various degrees of forest damage

would require representative samples of the tree species

and size composition obtained from prestorm ground

surveys in various forested regions, but would enable

rapid application of this approach to wind estimation.
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