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1. INTRODUCTION tion of how terrain-channeled low-level flow influences
. . . the mesoscale environment and tornadogenesis. Both
Enhanced Fuijita (EF) scale estimates following tor-gy estein (2000) and Bosart et al. (2006) suggest that
nadoes remain challenging in rural areas with few tra<,rther numerical simulations of the supercellular and
ditional damage indicators. In some cases, trad't'or,‘ajow-level environment are warranted. Indeed, numerous
ground-based tornado damage surveys prove nearly iy, ihors yse numerical simulations to study near-surface
possible, such as in several 27 April 2011 long-trackiynado dynamics (e.g., Dessens 1972; Fiedler 1994;
tornadoes that passed through heavily forested and 0{:iedler and Rotunno 1986; Lewellen and Lewellen 2007;
ten inaccessible terrain across the southern Appalachigneye|ien et al. 1997, 2006, 2008), but only recently haé
Mountains. One tornado, rated EF4, traveled 18 miles,, one attempted to incorporate very simple terrain vari-
over the western portion of the Great Smoky Moun-4iiqns into such models (e.g., D. Lewellen 2012, personal
tains National Park (GSMNP) in eastern Tennessee. Thigommuynication). Thus, observational studies that char-

tornado received its rating based on a single damagg(erize the near-surface tornadic wind field in complex
indicator—the tornado collapsed a metal truss towertopography remain vitally important.

along an electrical transmission line (NWS Morristown

C Previous studies of tornado tracks through forests
2011, personal communication). Although the upper(e.g., Bech et al. 2009: Beck and Dotzek 2010: Blan-

bound for this particular damage indicator is near the ; .
peak of the range of wind speeds corresponding with ar(;hard 2013) suggest that the orientation and degree of

EF3 rating, the surveyor noted the incredible damage t§'@mage of fallen trees will allow a reconstruction of the
the trees in the area and decided to augment the rating f&ga_r-surface wmd field. .Letzmann (1925) presents the
an EF4. A second tornado, rated EF3, traveled 38 milegr'g'na! foundation for this type Of. analysis and derives
across the mountains of northern Georgia in the ChattaPredictions of surface-level wind fields based on analyt-

hoochee National Forest (CNF). This tornado received itéCal solutions to simple Rankine vortex events. By as-

rating based on damage to numerous structures near teMming that trees fall in the direction of the wind at the

. . _moment the force exceeds their rooting or trunk strength
very end of its long path. In both cases, the vast major- . '
ity of the tornado track remained inaccessible to survey—l‘etzmann (1925) notes that the spatial pattern of fallen

ors. These rare and notable events provide a unique a%ees, and their orientations, preserves a signature of the

. o - - surface-level winds as a tornado moves over a forested
valuable opportunity to assess tornadic winds in heawlylS dscape. More recently, Holland et al. (2006) combine

Loa[risatgg.and mountainous areas though analyses of fore etzmann’s (1925) wind field model with forestry mod-

Research on observed tornado behavior in rough ter-
rain remains limited in the peer-reviewed literature. Fu-§
jita (1989) analyzes damage from a violent tornado in
the forested mountainous terrain of northwest Wyoming!
Dunn and Vasiloff (2001) examine the Doppler radar pre
sentation of a tornado in Salt Lake City. Bluestein (2000) = 1
analyzes a tornado in the high terrain of Colorado anc’ "
addresses the need for future research that studies ti,
role of orography and elevation in modifying the behav
ior of supercells over mountainous terrain. LaPenta
al. (2005) and Bosart et al. (2006) review case studi
of tornadoes in complex terrain in eastern New York an
western Massachusetts, respectively, and pose the qu
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els of tree stability developed by Peltola and Kellomaki2.2 Ground Surveys
(1993) for European trees (i.e., Norway spruce). Hol-
land et al. (2006) modify the tree stability model with
parameters for loblolly pine in the southeastern Unite
States and produce hypothetical forest damage patter
from a simulated tornado, though the authors did no
have the opportunity to compare the predicted damag
patterns with empirical observations. Bech et al. (2009}

Ground surveys provide valuable information that is
dunobtainable from the air. The authors recorded de-
ﬁgils on each tree within 400 frplots in each tornado
IIrack, including the tree species, diameter at breast heigh
DBH), fall direction, snap heights, whether or not the
ree remains alive, and the damage type. Damage types

examine actual tree damage patterns and compare thef plude branches broken, Srown Proken", snapped,
ent,” “leaning,” “uprooted,” and “intact.” Through

to classes of Letzmann's (1925) predictions, but do not2012, the surveys collected information on 1551 individ-

include a tree stability component, thereby implicitly as- ; .
suming a homogeneous stand of trees. Beck and Dotzell'<aI trees in 69 plots in the CNF tornado track and 503

(2010) more fully develop this approach by examiningmdiVidual trees in 22 plots in the GSMNP track. Tree

actual tree damage patterns after two European torn%]-eights for a small selection of trees in the CNF tornado
does, using simulated vortices and the Peltola and Kel-raCk were measured in a variety of ways, depending on

lomaki (1993) tree stability model. Using this approach,f[ree _size and position. One method utilizes a telescop-
the authors infer wind field parameters for the two tor-NY fiberglass pole that can measure the height of rela-

nadoes, demonstrating, for example, the temporal eVot_|vely short trees. Another option involves a simple tape

lution of intensity along the tornado track. Karstens etmeasure to determine the height of uprooted trees on the

d. For trees that have snapped, the total height is
al. (2013) used the Beck and Dotzek (2010) approach t roun .
produce similar estimates of tornado intensity based o he sum of the height of the stump and the length of the

analyses of treefall patterns in two tornadoes, but useffMainIng nearby trunk and crown. Other options in-

the thresholds for damage in the EF scale to create a di Jude an optical rangefinder and simple geometry. The

tribution of critical wind speeds necessary to blow down ollowing analysis assumes that the samples obtained in

trees. Godfrey and Peterson (2012) also attempted to ué@e gf‘?“r!d surveys represent the species composition and
the Beck and Dotzek (2010) approach, combined withS12€ distribution of the trees in each respective forest.
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 scrutin?- METHODOLOGY
in this study. While this method shows great promise in - £qr each tornado track, a statistical resampling proce-
relatively flat areas, unpublished research effprts by they,re begins by randomly drawing, with replacement, a
present authors indicates that the approach will not workym 5| sample of 100 trees from the database of trees ob-
in regions with complex topography. served during the ground surveys. Then a coupled wind
The present work therefore describes a novel metho@nd tree resistance model (Peltola and Kellomaki 1993)
to infer EF-scale levels from forest damage using the degetermines the percentage of trees that fall in this fic-
gree of tree damage and a coupled wind and tree resisitious plot for a set of wind speeds ranging from light
tance model. This new approach remains independent @freezes to extreme wind speeds. The model works by
the source of the wind. Its wind speed estimates therefirst calculating the lateral displacement of each tree un-
fore apply to any type of wind damage. der 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 overturn-
ing, 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
Sixty-four days after the tornado outbreak, a charteredhe modulus of rupture typically represent lab-tested val-
flight captured aerial photographs along the entire lengthues for clean, knot-free wood, trunk resistance here is
of both tornado tracks. The plane made two passes alongduced to 85% of the ideal trunk strength, following the
each track, giving a total composite image width of aboutrecommendations of Gardiner et al. (2000).
1500 m (5000 feet) with a nominal pixel resolution of  Application of the Peltola and Kellomaki (1993) tree
eight inches. These high-resolution, georeferenced imstability model requires knowledge of the height, DBH,
ages show individual tree trunks, crowns, and root ballscrown depth, and crown diameter for each tree. Since
(Fig. 1). Each of the 130,000 downed trees shown inthe ground surveys could not possibly measure all of
the imagery received a label marking its geographic cothese parameters, it becomes necessary to augment the
ordinates and fall direction. Nearby standing trees alsoneasurements with estimates of tree height and crown
received tags showing their geographic coordinates. Toshape for each tree. Observed tree heights are available
gether, over 448,000 fallen and standing trees receivetbr 788 (i.e., approximately half) of the trees surveyed in
labels. the CNF track. For all other surveyed trees, an estimate

2. DATA

2.1 Aerial imagery



a) ‘ ‘ ‘ ‘ ‘ more reasonable estimate for crown depth of 30% of
o e M their total height. Empirical evidence based on numer-
ous ground surveys suggests that, regardless of species,
observed tree crowns constitute approximately the upper
50% of the total tree height for canopy trees, with under-
story 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 partic-
ular percentage of fallen trees within each random sam-
ple of 100 trees drawn from the database of observed
trees. Repeating the resampling procedure 10 000 times

‘ ‘ S yields a Gaussian distribution of treefall percentages for
bercentage of trees blow down (%) each wind speed (Fig. 2). For example, a wind speed of
50 m s! in the GSMNP forest knocked down an aver-
age 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 EF-
scale level proceeds by assessing the observed percent-
age of fallen trees. These subplots measure 160100
m, a scale chosen both to approximate roughly the num-
ber 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

\ 3 u with the associated Gaussian probability density function
T 20 %0 0 10 (PDF)withits peak matching the observed percentage of
Percentage of trees blown down (%) trees blown down in that forest section (Fig. 3). To avoid
undersampling, the procedure ignores subplots with 10
or fewer total trees.
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FiG. 2. Distributions of the percentage of trees blown down &bus
wind speeds in 10 000 fictitious sample plots using trees mifasm a
database of observed trees in a) the Great Smoky Mountaitisnisba
Park and b) the Chattahoochee National Forest. The col@@ssdifer
in each plot. 4. MAPSOF EF-SCALE DAMAGE

Application of this estimation procedure to the entire

of tree height derives from a species-dependent height!€ngth of both tornado tracks yields maps showing es-

DBH allometry (Purves et al. 2007). Comparisons pe-timates of the EF-scale ratings based on forest damage
: ' verity (Fig. 4). The procedure also captures the vari-

tween observed and estimated tree heights (not showry =" ; . .
ility in the intensity of each tornado along its track and

indicate that the height estimates are reasonable. T : ;
ideal tree distribution model (ITD, Purves et al. 2007) aPPropriately assigns lower EF-scale levels on the out-

determines the crown shapes within a stand of trees bgide edges of the damage tracks and assigns higher EF-

selecting the height of the canopy above the ground cale levels nearer to the center of each track. Notably,
which the total of the exposed crown areas is equal to th@0th tornadoes produced damage rated EFS by the esti-

ground area. The calculation accounts for the species d&ation technique where nearly 100% of the trees were

: lown down in the small subplots. Also, a few subplots
endence of the crown radius and crown depth for eac ' . '
P P ted EF5 border subplots with ratings of EFO or no rat-

tree. As implemented here, the ground area matche'&t , X . . :
the 400 n area of the ground survey plots and the ITD ing at aII._ This resul_t is consistent with the authors’ own
model calculates crown shapes for the observed trees PServations and with Blanchard (2013), who also stud-
each plot. Therefore, each ground survey plot receiveled forestdamage from tornadoes and noted sharp spatial

an estimate of the tree heights and crown shapes for th@'adients in the level of damage within the forest. The

actual trees in that plot. Trees with a total height thatSmall-scale variability also stems from the relationship

: ; tween the surface flow field and the complex terrain.
is less than the calculated height of the canopy bottonlf’e : ;
receive a fixed species-dependent crown radius. In the F19: 5 shows a section of the GSMNP tornado track

original ITD model, these understory trees also receivd€2" the intérsection of the Hatcher Mountain Trail and
a fixed crown depth. Here, understory trees receive a€ Little Bottoms Trail along Abrams Creek (see the in-
set in Fig. 4). The EF-scale ratings appear overlaid on
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FiG. 3. A section of the GSMNP tornado track illustrating the as-
signment procedure for EF-scale levels. Red arrows reprdaken
trees, yellow dots represent standing trees, and the biaek 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 thelstibp
corresponding with a most probable wind speed of 47 1h and an

Il cro

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 descend

I EF1
B EF2
[ ]EF3
[ ] EF4
Bl EF5

ing 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 auto-
mated EF-scale estimation procedure captures the vari-
ability in the damage on this small scale. The technique |
also captures the likely wind speeds responsible for the 3 %i'

damage, as shown in Fig. 6. Here, the lower left portion
of the image corresponds with a subplot to which the es-
timation procedure assigned a rating of EF3 and the right
two-thirds of the image corresponds with a rating of EF4.

e
3

This result remains entirely consistent with the levels of 2 ‘3?

damage observed in person in this area of the forest. :z

5. DISCUSSION e go P,
The technique described here uses tree damage sever- R ‘i&

ity following tornadoes or other windstorms to estimate % -f;';

the wind speed responsible for the damage. The results
of the automated analysis remain consistent with the at:j;lG 4 Enhanced Fuit o rat ned t 1 subplos
thors' ground observations in both tormado tracks and, 2,5, e B Sk e gl el uekes
capture th(_a Spatlal variability of the da'mag'e. _NOFably’ ack. Tghe inset)in a) is the region shown in Fig. 5. l)\lote thatdcales
the analysis requires a balanced spatial distribution Ofjifter in each map. The GSMNP track is 18 miles long and the CNF
tagged trees in each subplot (i.e., approximately everyack is 38 miles long.

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 algo- a given area could easily solve the problem by account-
rithm that considers only a certain number of trees withining for spatial density variations resulting from two dif-
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FIG. 5. EF-scale estimates near the intersection of the HaMben- FI1G. 6. Photograph, taken 15 months after the GSMNP tornad&; loo
tain Trail and the Little Bottoms Trail along Abrams Creek thre ing east showing a steep slope that the damage estimatibnidee
GSMNP (see inset in Fig. 4). The star indicates the locatibthe® labeled EF3 (left third) and EF4 (right two-thirds). Thertado com-
photographer and the red line corresponds with the fieldevfin the pletely destroyed the forest canopy.

photo shown in Fig. 6.

wind speed increment of 47 nT§in a particular sam-
ferent tree labelers or analyses viewed at different zoonple, then the higher wind speed of 47 m'smust also
levels. The wind-speed assignment procedure also aknock down 53% of the trees. With this 10 000-member
sumes a uniform wind speed across each subplot, similagampling distribution for each percentage of trees blown
to the assumptions of Canham et al. (2001). This boldjown, the 95% confidence interval is the range defined
assumption ignores the fact that the terrain influences thpy the 250th and the 9750th sorted samples. For ex-
near-surface tornadic flow field, as is clearly evident inample, the most probable wind speed for an observed
Fig. 3. The assigned wind speed therefore representsteeefall percentage of 76% in a subplot in the GSMNP
smoothed value for the wind speed in each subplot. Therack is 62 m s* with a 95% confidence interval defined
chosen areal coverage of the subplots, therefore, necesgiy the range 56-70 m3$. This method can therefore
tates a balance between the requirement for a sufficientlgrovide a range of possible wind speeds and EF-scale
large sample of trees and the requirement for sufficientlyevels responsible for a given degree of forest damage.
small spatial coverage to avoid excessive smoothing. This approach may lead to methods for straightfor-

The distributions of treefall percentages for each windward estimation of EF-scale levels in remote or inacces-
speed increment depend upon the results of the tree stglble locations. In order to provide useful EF-scale esti-
bility model. This model in turn depends strongly on the Mates in a short time frame, the method requires speedy
published modulus of rupture and the modulus of elastic&cquisition of high-resolution aerial photographs.  Ide-
ity for each tree species, mostly determined through lab@lly, an automated tree-tagging algorithm could quickly
oratory studies on homogeneous, straight-grained woodrocess the georeferenced imagery and determine the lo-
Real trees may have a different response than that give??_-t'on of both s:tandmg and fallen trees. .Addltl_onally,
by the model when subjected to strong winds. EmpiricalVind speed estimates that correspond with various de-
winching studies can help to determine the mechanica@rées of forestdamage would require representative sam-
properties of real trees by pulling on the trunks with aPles of the tree species and size composition obtained
known force until they break or uproot. While this tech- from ground surveys in various forested regions.
nigue remains very rare in the United States, regions such
as Canada, the United Kingdom, and Scandinavia prac- Acknowledgmentdhe authors wish to thank Michael
tice the technique more commonly. With improved es-Goldsbury and Dawn Pomeroy for tagging nearly half a
timates of tree strength from winching studies on treesmillion trees in their spare time and the National Park
found in U.S. forests, the tree stability model could moreService and U.S. Forest Service for granting access to
reliably determine the fate of a particular tree at a givernremote regions of the Great Smoky Mountains National
wind speed. Park and the Chattahoochee National Forest. This work

Additionally, this estimation technique easily allows benefited from data acquired during a project funded by
for the calculation of confidence intervals on each windNSF RAPID grant AGS-1141926.
speed estimate. First, each of the fictitious sample plots
gets assigned a wind speed 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 gech, 3., M. Gaya, M. Aran, F. Figuerola, J. Amaro, and LisAr”
wind speed of 46 ms! and 54% of the trees for the next 2009: Tornado damage analysis of a forest area using siteysur
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