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1. INTRODUCTION
Enhanced Fujita (EF) scale estimates following tornadoes remain challenging in rural areas with few traditional damage indicators. In some cases, traditional
ground-based tornado damage surveys prove nearly impossible, such as in several 27 April 2011 long-track
tornadoes that passed through heavily forested and often inaccessible terrain across the southern Appalachian
Mountains. One tornado, rated EF4, traveled 18 miles
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
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 incredible damage to
the trees in the area and decided to augment the rating to
an EF4. A second tornado, rated EF3, traveled 38 miles
across the mountains of northern Georgia in the Chattahoochee National Forest (CNF). This tornado 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. 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) analyzes damage from a violent tornado in
the forested mountainous terrain of northwest Wyoming.
Dunn and Vasiloff (2001) examine the Doppler radar presentation of a tornado in Salt Lake City. Bluestein (2000)
analyzes a tornado in the high terrain of Colorado and
addresses the need for future research that studies the
role of orography and elevation in modifying the behavior of supercells over mountainous terrain. 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, and pose the ques-
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tion of how terrain-channeled low-level flow influences
the mesoscale environment and tornadogenesis. Both
Bluestein (2000) and Bosart et al. (2006) suggest that
further numerical simulations of the supercellular and
low-level environment are warranted. Indeed, numerous
authors use numerical simulations to study near-surface
tornado dynamics (e.g., Dessens 1972; Fiedler 1994;
Fiedler and Rotunno 1986; Lewellen and Lewellen 2007;
Lewellen et al. 1997, 2000, 2008), but only recently has
anyone attempted to incorporate very simple terrain variations into such models (e.g., D. Lewellen 2012, personal
communication). 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 foundation 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 exceeds their rooting or trunk strength,
Letzmann (1925) notes that the spatial pattern of fallen
trees, and their orientations, preserves 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 mod-

F IG . 1. A sample of an aerial photograph showing individual tree
trunks, crowns, and root balls. Similar imagery covers the entire 56mile length of both tornado tracks.

els of tree stability developed by Peltola and Kellomaki
(1993) for European trees (i.e., Norway spruce). Holland et al. (2006) modify the 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 opportunity to compare the predicted damage
patterns with empirical observations. Bech et al. (2009)
examine actual 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 tornadoes, demonstrating, for example, the temporal evolution 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 in the EF scale to create a distribution of critical wind speeds necessary to blow down
trees. Godfrey and Peterson (2012) 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 by the
present authors indicate that the approach will not work
in regions with complex topography.
The present work therefore describes a novel method
to infer EF-scale levels from forest damage using the degree of tree damage and a coupled wind and tree resistance model. This new approach remains independent of
the source of the wind. Its wind speed estimates therefore apply to any type of wind damage.

2. DATA
2.1 Aerial imagery
Sixty-four days after the tornado outbreak, a chartered
flight captured aerial photographs along the entire length
of both tornado tracks. The plane made two passes along
each track, giving a total composite image width of about
1500 m (5000 feet) with a nominal pixel resolution of
eight inches. These high-resolution, georeferenced images show individual tree trunks, crowns, and root balls
(Fig. 1). Each of the 130,000 downed trees shown in
the imagery received a label marking its geographic coordinates and fall direction. Nearby standing trees also
received tags showing their geographic coordinates. Together, over 448,000 fallen and standing trees received
labels.

2.2 Ground Surveys
Ground surveys provide valuable information that is
unobtainable from the air. The authors recorded details on each tree within 400 m2 plots in each tornado
track, including the tree species, diameter at breast height
(DBH), fall direction, snap heights, whether or not the
tree remains alive, and the damage type. Damage types
include “branches broken,” “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 selection of trees in the CNF tornado
track were measured in a variety of ways, depending on
tree size and position. One method utilizes a telescoping fiberglass pole that can measure the height of relatively short trees. Another option involves a simple tape
measure to determine the height 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 optical 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 procedure begins by randomly drawing, with replacement, a
small sample of 100 trees from the database of trees observed during the ground surveys. Then a coupled wind
and tree resistance model (Peltola and Kellomaki 1993)
determines the percentage 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 particular wind-induced force, and
then the resulting turning 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. Kretcshmann (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 lab-tested values for clean, knot-free wood, trunk resistance here is
reduced 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 height, DBH,
crown depth, and crown diameter for each tree. Since
the ground surveys could not possibly measure all of
these parameters, it becomes necessary to augment the
measurements 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
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F IG . 2. Distributions of the percentage of trees blown down at various
wind speeds in 10 000 fictitious sample plots using trees drawn from a
database of observed trees in a) the Great Smoky Mountains National
Park and b) the Chattahoochee National Forest. The color scales differ
in each plot.

of tree height derives from a species-dependent height–
DBH allometry (Purves et al. 2007). Comparisons between observed and estimated tree heights (not shown)
indicate that the height estimates are reasonable. The
ideal tree distribution model (ITD, 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 exposed 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 implemented 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. Here, understory trees receive a

more reasonable estimate for crown depth of 30% of
their total height. 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%. Taken together, the
DBH, height, crown radius, and crown depth allow the
tree stability model to calculate the wind load on each
tree.
Each wind speed increment 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 Gaussian distribution of treefall percentages for
each wind speed (Fig. 2). For example, a wind speed of
50 m s−1 in the GSMNP forest knocked down an average of 57.1% of the trees in each of the 10 000 random
sample plots, with a range of damage between 38 and
74 of the 100 trees knocked down, and with a standard
deviation of 4.98 trees.
In small sections of forest, the assignment of an EFscale level proceeds by assessing the observed percentage of fallen trees. These subplots measure 100 m × 100
m, 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. The most probable wind speed that
produced the damage in each subplot then corresponds
with the associated Gaussian probability density function
(PDF) with its peak matching the observed percentage of
trees blown down in that forest section (Fig. 3). To avoid
undersampling, the procedure ignores subplots with 10
or fewer total trees.
4. MAPS OF EF-SCALE DAMAGE
Application of this estimation procedure to the entire
length of both tornado tracks yields maps showing estimates of the EF-scale ratings based on forest damage
severity (Fig. 4). The procedure also captures the variability in the intensity of each tornado along its track and
appropriately assigns lower EF-scale levels on the outside edges of the damage tracks and assigns higher EFscale levels nearer to the center of each track. Notably,
both tornadoes produced damage rated EF5 by the estimation 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 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.
Fig. 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

F IG . 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 100 m × 100 m 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 47 m s−1 and an
EF-scale rating of EF1.

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 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 canopy on the hillside
facing the oncoming tornado (Fig. 6) and 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 estimation 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 lower left portion
of the image corresponds with a subplot to which the estimation procedure assigned a rating of EF3 and the right
two-thirds of the image corresponds with a rating of EF4.
This result remains entirely consistent with the levels of
damage observed in person in this area of the forest.

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’ ground observations 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 trees within
that subplot. However, application of a filtering algorithm that considers only a certain number of trees within

F IG . 4. Enhanced Fujita scale ratings assigned to small subplots along
the length of a) the GSMNP tornado track and b) the CNF tornado
track. The inset in a) is the region shown in Fig. 5. Note that the scales
differ in each map. The GSMNP track is 18 miles long and the CNF
track is 38 miles long.

a given area could easily solve the problem by accounting for spatial density variations resulting from two dif-

F IG . 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 indicates the location of the
photographer and the red line corresponds with the field of view in the
photo shown in Fig. 6.

ferent tree labelers or analyses viewed at different zoom
levels. 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, 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, therefore, 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 distributions of treefall percentages for each wind
speed increment depend upon the results of the tree stability model. This model in turn depends strongly on the
published modulus 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
properties of real trees by pulling on the trunks with a
known force until they break or uproot. While this technique remains very rare in the United States, regions such
as Canada, the United Kingdom, and Scandinavia practice the technique more commonly. With improved estimates of tree strength from winching studies on trees
found in U.S. forests, the tree stability model could more
reliably determine the fate of a particular tree at a given
wind speed.
Additionally, this estimation technique easily allows
for the calculation of confidence intervals on each wind
speed estimate. First, each of the fictitious sample plots
gets assigned a wind speed for the complete range of possible percentages of downed trees from 0% to 100%. For
example, if the model knocks down 52% of the trees for a
wind speed of 46 m s−1 and 54% of the trees for the next

F IG . 6. Photograph, taken 15 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 forest canopy.

wind speed increment of 47 m s−1 in a particular sample, then the higher wind speed of 47 m s−1 must also
knock down 53% of the trees. With this 10 000-member
sampling distribution 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 the GSMNP
track is 62 m s−1 with a 95% confidence interval defined
by the range 56–70 m s−1 . This method can therefore
provide a range of possible wind speeds and EF-scale
levels responsible for a given degree of forest damage.
This approach may lead to methods for straightforward estimation of EF-scale levels in remote or inaccessible locations. In order to provide useful EF-scale estimates in a short time frame, the method requires speedy
acquisition of high-resolution aerial photographs. Ideally, an automated tree-tagging algorithm could quickly
process the georeferenced imagery and determine the location of both standing and fallen trees. Additionally,
wind speed estimates that correspond with various degrees of forest damage would require representative samples of the tree species and size composition obtained
from ground surveys in various forested regions.
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