171 ENERGY DISSIPATION BY TORNADOESIN HEAVILY-FORESTED LANDSCAPES

Chris J. Peterson
University of Georgia, Athens, Georgia

Christopher M. Godfrey
University of North Carolina at Asheville, Asheville, NbrCarolina

Franklin T. Lombardo
University of lllinois at Urbana—Champaign, Urbana, itlia

Jeffery B. Cannoh
University of Georgia, Athens, Georgia

1. INTRODUCTION scapes. This work is also distinct from a variety of recent
i . . studies—often motivated by the pioneering early work
An important bu_t poorly-resolv_ed question in studies ¢ | etzmann (1923) and later Holland et al. (2006)—
of tornado formation and behavior is how much geo-ihat have used forest and tree damage patterns to retro-
morphic, vegetation, or other non-atmospheric environysectively infer tornado characteristics (e.g., Beck and
mental conditions influence tornado characteristics suclyoi,ek 2010° Bech et al. 2009: Karstens et al. 2013:
as formation, movement, and duration (Schenkman efjigowski et al. 2014). ' '
al.l 2?1§'.; R(;berts et a!. Zg%[ﬁ)' '?I numberf (I)f emplrl-l Simulation studies by Schenkman et al. (2014) and
cal stu 'E;? ave ﬁ)_(lamlne € Influénce o farge-sczja Roberts et al. (2016) point out the unexpectedly large in-
#opog;_ap Ic vgrﬁ ity ]?n ;/ar|(l)<ustha$,tp?cts 0 to_r(;1a Ofluence of surface roughness during tornadogenesis. Yet
ormathn or be ”awor or rI:':lcPs i a ¢ rallvg(r)soeSIrlBges, hese studies utilize surface roughness values thought to
mouln ?ggéprfa eys (g'?{’ a eznoif_ 5(‘:- : osallr e representative of farmlands or other land uses of mod-
%18‘6' o ﬁ/za and Inupg ot d_annt?]nt(_at al-ast roughness. In contrast, the larger and less flexible sur-
), although numerical modeling studies that iNCor, e of 4 forest might be a sink for hundreds or thousands
porate topographlcmfluenqes have been much rarer (e.gOf times more energy than farmlands, with presumably
Lewellen 2012; Markowski and Dotzek 2011). Never- o oatar notential to influence tornadoes. In light of this,
theless, both emp.|r|cal and modellng_stud_les repeatedl%orbes (1998) estimates that a 31 May 1985 tornado in
confirm the potential for complex terrain to influence tor- Pennsylvania snapped or uprooted as many as 1000 trees
nado behavior. _ per second at its widest point. These findings provide
Fine-scale surface roughness may, however, influencg sirong motivation for empirical work that explores the
tornado behavior via distinct mech_anlsms. In parucu-drag imposed on a vortex by surface features, as well as
lar, coarse-scale features such as ridges or valleys obvipe force exerted by the tornado and the mechanical work
ously remain immovable, while strong winds may knock accomplished. Might the drag or torque imposed by the
down fine-scale features such as trees or small structureg, est_or the force expended in overturning trees—be
which no longer impede winds more than a few metersy ficient to influence tornadic winds? The answer is
above the surface. Moreover,_whne the wind cannot PeNgrely unknown at this time, but in an effort to quantify
etrate large-scale topographic features, some fine-scalfie magnitude of such effects, the present work presents
features such as trees may be at least partially porous tstimates of four quantities calculated at regular interva
tornadic winds. Notably, existing numerical modeling or 515ng two tornadoes that moved across heavily forested,
simulation studies include rigid, widely-spaced idealize complex terrain in the southern Appalachians: drag and
structures (Lewellen 201?) or a stated amount of surfacq:Orque exerted by the forest on the vortex, the force ex-
drag induced by unspecified sources (e.g., Schenkman gl py the wind in the process of overturning the trees,

al. 2012; Roberts et al. 2016). The present work aimsnq the mechanical work accomplished by overturning
to provide empirical specificity to complement existing e trees.

simulation studies. While this effort does not examine

tornado dynamics directly, the calculations herein gener-

ate real-world estimates of drag, torque, and energy dis:
sipation from actual tornadoes in heavily-forested land-2 DATA

Two long-track tornadoes that occurred as part of the

27 April 2011 tornado outbreak passed over heavily-
*Corresponding author addres€hris J. Peterson, University of Geor- forested areas in the southeastern United States. One
R e oo oz Miler Plant Sciencathens, — tornado passed through the Chattahoochee National For-
tCurrent affiliation: Colorado Forest Restoration Institute, Colorado €St (CNF) in northeastern Georgia, carving a continuous
State University, Fort Collins, Colorado. swath of damage over 58.3 km east-northeastward across



Lumpkin, White, Habersham, and Rabun Counties anc

finally lifting just east of Mountain City, GA. A Na- ! - Q

tional Weather Service (NWS) damage survey team as QM DW% O ¢
. . K Tt w !

signed an EF3 rating to the tornado. The second tornad

passed through the Great Smoky Mountains Nationa

Park (GSMNP) in eastern Tennessee, carving a 26.0-kr .

swath of damage through the extreme western side ¢ %7755 %65 4 ‘

the national park. The tornado touched down in east

ern Monroe County, TN and tracked eaSt_northeaStwargle. 2. Graphical representation of the locations and shapssnoples

through Blount_ County, lifting near the northwestern 4 500.m intervals along the first (western) 8.5 km of the CbtRado

park boundary just west of Townsend, TN. Based on arack. Samples run a length of 200 m parallel to the tornadio with

single damage indicator just outside of the national parka perpendicular dimension corresponding with the widthooftiguous

a NWS damage assessment team assigned a rating fefest damage that exceeds 15% of basal area down. From €ahno

EF4 to this tornado. al. (2016).

% Basal Area Down

2.1 Characterization of damage al. 2016). A supervised classification algorithm (Lille-
. sand et al. 2015) quantifies the forest damage severity.
Sixty-four days after the tornado outbreak, a char-geyeral hundred training plots measuring 20«20 m
tered flight captured vertical aerial photographs along,q gistributed randomly over the length of each tornado
the entire length of both tornado tracks, with a nomi-.4ck ( = 1200 for CNF anch = 670 for GSMNP) al-
nal pixel resolution of 20 cm (8 inches). These high-|q,y 5 visual classification of both damaged and undam-
resolution, georeferenced images show individual tre ged forest into five damage severity categories (none,
trunks, crowns, and root balls. Both Cannon (2015) an ow, medium, high, and very high) that roughly corre-
Cannon et al.. (2Q16) fully describe the details of the im'spond with the proportion of the forest canopy removed
agery analysis via GIS software. These GIS analysegy he tornado. Spectral signatures derive from the train-
quantify the spatial variation in forest damage severitying pots following a resampling process that reduces the
along the same tornado tracks studied here, while alsp,qqution of the imagery to 4 m pixel to mitigate the

providing estimates of damage track width (Cannon e{,nyanted influence of shadows and individual trees. GIS
software then classifies each pixel of the remaining im-
agery into one of the five damage levels. Averages of the
damage severity of adjacent pixel clusters yield an esti-
mate of damage severity for 20 m 20 m cells across
the entire damage track for each tornado (Fig. 1). Cor-
relation analyses confirm that the damage severity, quan-
tified as the proportion of the forest canopy removed by
the tornado, is proportional to the percentage of basal
area (a cumulative measure of the sum of all tree trunk
areas in a given plot) down (Cannon et al. 2016). There-
fore, canopy damage severity serves as a surrogate for
the percentage of basal area down.

Following the development of the damage map in
Fig. 1, selected points at 500-m intervals along the sub-
jective centerline of each tornado track serve as begin-
ning locations for each damage path segment. These seg-
ments run a length of 200 m parallel to the tornado path
with a dimension perpendicular to the tornado path that
includes all contiguous pixels with estimated damage in
excess of 15% (Fig. 2). The removal of isolated, outly-
ing patches of damage smaller than 8 pixels (326) m
reduces noise in the damage pattern. Each damage track
segment receives an assigned value of the average sever-

FiG. 1. Map showing the damage path and severity of forest damagen, of damage (i.e.. the mean percentage of basal area
for the 27 April 2011 Chattahoochee National Forest torndde top d)éwn) and a?da(maée swath Widpth 9

panel and inset show the location of the damage path in tite sta
Georgia. The two middle panels, representing the westetreastern
halves of the tornado track, show the variation in damagehpsize, 2.2 Treewind resistance, mass, and center of mass

shape, and severity. The bottom insets show two represengetrtions

of the damage path. Note that the middle and lower panels theee Peterson and Claassen (2013) and Cannon et al. (2015)

rotated to conserve space. From Cannon et al. (2016). perform empirical tree winching experiments to measure




40000 - - ]

A Tulip poplar & 10000
= = Loblolly pine =
Tt ® Other species L ']
& 30000 - & @ 8000 -
2 5
T S 6000 -
£ 20000 1 2
) o
- 2 4000 -
L F]
£ 10000 4 ©
o 2 2000

=
0 . - . . o . . i i
20 30 40 50 60 20 40 60 80 100
Trunk diameter at 1.4 m (in cm) Trunk diameter at 1.4 m (in cm)

FiG. 3. Critical lateral force (in Nm) necessary to overturretr@s a  FIG. 4. Aboveground mass of trees as a function of trunk diameter
function of trunk diameter at 1.4 m (dbh) based on 69 treesgtavesd at 1.4 m (dbh) based on two static winching studies on 145 tofe
in a static winching study in central Georgia. numerous species.

the force necessary to overturn trees of various sizes anthus work accomplished, ultimately require estimates of
species through either trunk breakage or uprooting. Sucthe total mass and vertical center of mass for each tree in
experiments employ a winch and cable system, with onéhe damage track segments in the present study. Statisti-
end attached to the base of an “anchor tree” and the othexal predictions of total mass as a function of dbh for these
end attached roughly one-half to two-thirds up the centrees rely on total mass data based on 141 trees of nu-
tral trunk of a “pulled tree”. The winch increases the merous species in the two Peterson and Claassen (2013)
force until the pulled tree fails via trunk breakage or up-and Cannon et al. (2015) winching studies (Fig. 4). Esti-
rooting. A load cell positioned between the cable andmates for the vertical center of mass for each pulled tree
the pulled tree measures the critical force necessary tm the winching studies derive from the cumulative mass
overturn the tree. The highest recorded force during thef 1-m trunk sections, beginning from ground level, up to
winching process is considered the critical force, and isa height where the cumulative mass is equal to half the
typically reached when the trunk has been pulled 5-15nass of the whole tree. Predictions of the height of the
degrees from vertical. The critical force measured by thecenter of mass as a function of dbh allow predictions of
load cell is decomposed into vertical and horizontal com-the vertical center of mass for ideal trees in the present
ponents, and the critical horizontal component is con-analysis. Tree total height is based on field surveys from
sidered to be representative of the horizontal force thaa tornado blowdown study in northeastern Pennsylvania,
would be necessary for the horizontal wind to cause treén which total height was measured along with trunk dbh
failure. Trunk diameter strongly influences the critical for 754 trees. These tree heights and dbh values help to
horizontal force (Fig. 3), but both Peterson and Claassen
(2013) and Cannon et al. (2015) report no difference in -
critical horizontal force between tree species when con .
trolling for trunk diameter. Therefore, the present analy-
ses use regression equations developed with all specit
pooled in order to predict the critical horizontal force T 254
based on tree size, where the standard measurement =
forestry and ecology for tree size is the trunk diameter a5
1.4 m above the ground, called diameter at breast heigl
(dbh). Tree stability (i.e., the force necessary to over-g .
turn the tree) increases in a positive quadratic fashior=
with tree size, and with little difference among species, 4,
as shown in Fig. 3 (Cannon et al. 2015).

20 1

Winching experiments primarily quantify the critical 59 : . . ; ; ) .
turning moment at the base of the tree, which requires 0 20 30 40 50 60 70 80 90
information on the vertical center of mass for each pulled Trunk diameter at 1.4 m (in cm)

tree. Both Peterson and Claassen (2013) and Cannon et

al. (2015) cut pulled trees into 1-m sections and either diFic. 5. Tree height as a function of trunk diameter at 1.4 m (dbh)
rectly weighed them or measured their length and diamebased on 754 trees of numerous species measured in damagg sur
ter and calculated their Weight based on volume and derplots following a tornado in northeastern PennsylvaniaeeThneights
sity. Calculations for the change in potential energy, a‘ndor trees with dbh in excess of 55 cm are assumed constant.



determine a regression relationship that is limited tostree TaBLE 1. Tree size distributions observed in ground survey plots i

- . the Chattahoochee National Forest (CNF) and the Great SMoky-
with dbh between 10 and 55 cm. Larger-diameter tree%ains National Park (GSMNP) within two tornado tracks. Tsé is

are assigned a constant height of 31 m (Fig. 5). ThesS@easured as trunk diameter at 1.4 m above ground (dbh) in cm.

regression equations provide estimates of the total tree=gze cass (cm) CNE GSVINP
mass a_nd the vertical center_of mass for the set of _ideal Trees  Percentage  Trees  Percentage
trees with diameters at the midpoints of the 10-cm diam-  10.0-19.9 708 48.0% 194 44.6%
eter size classes. 20.0-29.9 323 21.9% 114 26.2%
30.0-39.9 219 14.8% 67 15.4%
. . 40.0-49.9 121 8.2% 34 7.8%
2.3 Treedensity and size structure 50.0-59.9 55 3.7% 13 3.0%
Field damage surveys conducted in the two tornado 60-0-69-9 29 2.0% 6 1.4%
. . 70.0-79.9 11 0.7% 5 1.1%
tracks during the summers of 2011-13 yield data on the gy gg'g 7 0.5% 5 0.5%
spatial density of trees and the relative abyndance oftrees - 900 2 0.1% 0 0.0%
across 10-cm dbh size classes. These field damage sur-Total 1475 100.0% 435 100.0%

veys also provide ground truth data that confirm the re-
liability of the GIS-based estimates of damage severity
(Cannon et al. 2016). A total of 65 surveys took place
within the CNF track, with each sample plot measuringstudied here (Cannon et al. 2016); and 3) ground sur-
20 m x 20 m and with plots clustered in three separateveys that provide information on the typical spatial den-
locations approximately 15 km apart. A total of 22 sur- sity and size structure of trees within the damage tracks.
veys took place within the GSMNP track, spread alongThe ground surveys, then, provide information on the rel-
several km along the long axis of the tornado track. Eactative abundance of trees across 10-cm dbh size classes.
survey collected information on the tree species identity,
trunk diameter (dbh), type of damage (i.e., standing or Since calculations for the four quantities vary with
fallen), and treefall orientation for every tree in exceks o tree size, ideal trees with diameters that correspond to
10 cm dbh. The density and tree size structure revealethe midpoint of each 10-cm dbh size class (e.g., 15 cm,
in these damage surveys presumably represents the ch@5 cm, etc.) help to avoid separate calculations for ev-
acteristics of each forest along the entire tornado trackery possible tree size. Each ideal tree receives an esti-
The total of all surveyed trees divided by the total sam-mate of each of the four quantities and the values are
pled ground area allows a measure of the average treeummed across the number of trees for each size class
density for each forest, expressed in units of hectare in each track segmenDrag (in newtons) is calculated
(ha'b). for a variety of wind speeds. Calculation of drag at any
Field damage surveys reveal nearly identical mean tregiven wind speed, detailed below, requires knowledge of
densities in the two tornado tracks, with a density ofthe wind speed, tree crown lateral area, air density, and
567.5 trees hal in the CNF plots and 572.5 treesHa  a drag coefficient Torque (in newton-meters) from the
in the GSMNP plots. The size distribution of trees is forest acting on the tornado vortex is a product of the
also very similar between the two tornado tracks (Ta-drag and the distance from the center of the vortex to
ble 1). At 48.0% and 44.6% in the CNF and GSMNP each tree. Mechanical work accomplished (in joules)
tracks, respectively, the greatest fraction of trees by fain each damage track segment corresponds with the cu-
appear in the smallest size class of 10-19.9 cm dbh, witmulative pre-storm potential energy for all fallérees.
a steadily decreasing fraction of trees appearing in largelere, the potential energy of position depends on the to-
size classes. The largest two size classes of 80—89.9 dithl mass and height of the center of mass of each tree,
and more than 90.0 cm dbh each contain less than 1% afhich then presumably drops to zero when the tree falls
the total number of trees. to the ground. Based on the results of winching studies,
the totalforce (in newtons) exerted on the forest is the
critical horizontal force necessary to cause failure of a
3. APPROACH tree in a given size class, summed across all fallen trees

. : ) in a damage track segment.
This effort aims to produce estimates of four quan-

tities in small segments along each of the two tornado

tracks: drag, torque, force exerted in toppling trees, and

mechanical work accomplished. These estimates draf- TARGET QUANTITIES
upon thr'ee sources of backgrour)d information: 1) winch-4_1 Overturned trees per segment
ing studies that measure the horizontal force necessary to
overturn trees and that also provide total mass and center The damage track segment area and tree density allow
of mass information as a function of tree size (Petersoran estimate of the total number of trees in each segment.
and Claassen 2013; Cannon et al. 2015); 2) GIS studieBinning the trees by 10-cm size classes according to the
that define the damage width and severity levels withinrelative frequencies of tree sizes from the field damage
small segments of the damage path for the two tornadoesurveys yields an estimate of the number of overturned



TABLE 2. Example calculations for two tornado path segments. Forby assuming that all trees with diameters of 60 cm or
each segmentyees gives the estimated number of standing trees in

each size class (cm dbh) prior to the wind disturbaserid the num-  more fall during the tornado, the total basal area down
ber overturned by the toradd)( Fy, is the surface drag (kN) ata SUMS t0 24.542 1 This total is less than 31.8%and

wind speed of 25 ms, again both beforesf and after ¢) trees over-  implies that some of the 50-59.9 cm trees must also fall.
turn, APE is the change in potential energy (MJ), ddis the total ~ Cumulatively, all of the 50-59.9 cm dbh trees would con-

force (kN) necessary to overturn the trees. tribute 16.184 rAof basal area, overshooting the target of
Sizeclass (cm) Nyees(s/T) Fa,s (s/) APE Fr 31.8 n?. Adding 31 trees from the 50-59.9 cm dbh size
CNF Segment 109 class brings the rounded total to 31.8.nConsequently,
10.0-19.9 886/0 972.6/972.6 00 00  higanproach provides an estimate of 92 overturned trees
10.0-19.9 886/0 972.6/9726 0.0 0.0 ithin thi t Th q ; i
20.0-29.9 40410 285.4/7864 0.0 00 Within this segment. The same procedure gives an esti-
30.0-39.9 273/0 832.5/832.5 0.0 0.0 ma_te of ;L7 869 trees within th_e I_arger segment GSMNP
40.0-49.9 151/0 654.0/ 654.0 0.0 00 15inwhich the damage severity is 21.4%, or 258.268 m
50.0-59.9 68/31 394.5/250.6 13.8  956.7 blown down. Summing the basal area of all trees with
60.0-69.9 371371 245.2/49.0 26.5  1580.4 sjzes of 60.0 cm dbh or more yields 221.618 o the
70.0-79.9 13/13 97.0/19.4 140 7354 target is reached by adding 156 trees from the 50-59.9
80.0-89.9 9/9 74.6/14.9 138 6519 dbh size cl Theref | of 694 ol
90,0 2/2 18.2/3.6 42 1806 Cm dbh size class. Therefore, a total 0 trees fe
Total 1845/ 92 4075/3583 725 4105 Within the GSMNP 15 segment (Table 2).
GSMNP Segment 15 4.2 Changein potential energy
10.0-19.9 7968/ 0 8746 / 8746 0.0 0.0
20.0-29.9 4682/0 9114/9114 0.0 0.0 The gravitational potential energy associated with the
30.0-39.9 275310 8395/8395 0.0 00 e disturbance position of a tree in each ideal tree size
40.0-49.9 1395/0 6042 / 6042 0.0 0.0 : . h is the total ab q
50.0-59.9 537/156  3115/2391 697 4814 Catégoryismgh wherem s the fotal aboveground mass
60.0-69.9 250/250  1657/331 1792 10678 (Kg), g=9.8 m s < is the acceleration of gravity, and
70.0-79.9 197/197 1470/ 294 211.4 11144 his the height of the center of mass (m). Assuming
80.0-89.9 91/91 7541151 139.1 6591 the center of mass of each fallen tree is at a height of
290.0 0/0 0/0 0.0 0.0 zero meters, the total change in potential energy fol-
Total 17869/693 39294/35464 598.1 33228

lowing the tornado, and hence mechanical work accom-
plished, is equivalent to the pre-disturbance potential en
ergy summed across the number of trees in each ideal

trees by size class in each segment (Table 1). The dant'%® class.

age severity estimated for that segment defines the level
of damage in terms of percentage of basal area dowrf+3 Total drag per segment

When severe winds impact forests, the largest trees con- ; e i

sistently have a higher probability of falling than smaller Drag onagiventree s given by

trees (Everham and Brokaw 1996; Peterson 2007). The 1 2

calculation of the number of overturned trees per seg- Fa = QCdASpV ’ )
ment therefore proceeds by progressively removing trees
from larger to smaller size classes until the treefall per-
centage matches the necessary percentage of basal are
down. Table 2 illustrates calculations of the target quan-
tities for two segments, one small and one large. For ex-
ample, the damage area within CNF segment 109 is 3.25
ha. The overall tree density of 567.5 trees hgields

an estimate of 1845 trees prior to the wind disturbance.
The mean damage severity within this segment is 25.2%,
so trees are removed progressively beginning with the 2 15°
largest size classes until reaching the same percentage c E’
the basal area. The pre-disturbance basal area in this se¢ 2 e
ment is 126.5 rA, of which 25.2% is 31.8 fn The two
trees with diameters in excess of 90 cm each contribute a
basal area oﬁ(%%“)2 = 0.709 nt for a total of 1.418

m? of basal area. The nine trees in the 80-89.9 cm size
class each contribute 0.56Z1for a total of 5.103 rfi of

basal area. This accumulation continues through the 70-
79.9 and 60—69.9 cm size classes, which contribute 5.743

m? and 12.278 rhof basal area, respectively. Therefore, Fic. 6. Drag on trees of different sizes at a variety of wind spegiden
in 5 m s ! intervals from 25-120 m&.

200
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FiG. 7. Spatial variation of a) cumulative drag (MN) on the verte) cumulative force (MN) exerted in the process of ovenituy trees, c) the
number of overturned trees, d) the mean damage severign(gis the percentage of basal area down), and e) the path(wigitiong the path of
the CNF tornado. Each point corresponds with one of 93 samgdeg the entire tornado track.

whereR, is the drag force (N)Cq is a dimensionlessdrag 4.4 Torque
coefficient,As is the streamlined (see below) area of the
tree (nf), p = 1.1 kg m2 is the air density, andl is the
wind speed (ms!) (Peltola 2006). HereGy = 1.0 for
tree trunks an€y = 0.29 for tree crowns following Hol-
land et al. (2006). Fig. 6 illustrates the drag on trees o
different sizes at a variety of wind speeds given in 5 m
s tintervals from 25-120 m&. Tree crowns also bend
and deform, or streamline, under the influence of high T =rpFg, 2)
winds (Holland et al. 2006; Beck and Dotzek 2010). To

account for streamlining, the still-air tree crown area iswherery, is the distance of the tree from the center of the
reduced by 60% for all wind velocities in excess of 20 mtornado vortex (m). Though geographic coordinates are
s1 following Holland et al. (2006). The average deflec- available for each standing and fallen tree in both tornado
tion from vertical for winched trees corresponds with atracks (Godfrey and Peterson 2016), a simpler and more
maximum turning moment of 12.2° from vertical (Peter- straightforward approach involves making a reasonable
son and Claassen 2013; Cannon et al. 2015). To realistapproximation for the number of trees located in bands
cally model bending, the still-air tree height is therefore at different distances from the center of rotation and cal-
reduced by a factor of cos 2. Calculations for both  culatingt within those distance bands for a selection of
drag and torque rely on the dimensions of these bent anfossible wind speeds. Since the tornadoes under study
streamlined trees. here moved predominantly eastward, the damage track

The drag imposed by trees is of course not all applied
at the same distance from the center of the vortex, so a
alculation of torque based on the distance of a tree from
he center of rotation may be more informative. Torque

in newton-meters (Nm) is given by



TaBLE 3. Damage swath characteristics for sample segments dler@NF and GSMNP tornado tracks.

CNF GSMNP

Number of segments 93 51
Damage severity by segment

Min-Max 0.6-71.1 5.9-64.5

X+0o 25.2+14.4 26.2+12.6
Swath width (m) by segment

Min-Max 46-1109 226-1645

X+o 572.6+ 244.4 953.4+ 321.3
Pre-event standing trees by segment

Min-Max 524-12 586 2587-18 838

X+0o 6499+ 2774 10 917 3679
Post-event overturned trees by segment

Min-Max 1-2056 39-2303

X+0o 415+ 404 618+ 439
Force expended by segment (kN)

Min-Max 90-46 564 2412-51 926

X+o 15685+ 11885 24 006t 11 634
Mechanical work accomplished by segment (MJ)

Min-Max 2.1-709 47.8-731

X+o 259.44+ 176.3 401.9+ 171.6
Cumulative force expended in all segments (MN) 1459 1224
Cumulative force expended for entire track (MN) 4567 3121
Cumulative work accomplished in all segments (MJ) 24123 x4
Cumulative work accomplished in entire track (MJ) 75 505 302

width in each segment is partitioned into east-west bandscal profile remain unclear. Therefore, the authors have
such that each band covers 20% of the damage track iohosen to use a uniform vertical wind profile here, de-
that segment. The innermost band 1 straddles the centespite the assumption of a logarithmic profile as used by
line. Bands 2 through the outermost band 5 are split intdHolland et al. (2006) and Beck and Dotzek (2010).
northern and southern halves, with the lower-numbered

bands nested between the halves of the higher-numbered

bands. Assuming a random distribution of trees relativ

to the centerline of each segment, 20% of the total draeg'j:" RESULTS

Fq in each segment is assigned to each of bands 1-5 for The selection of segments from the damage map along
each possible wind speed. The distanges then the  each tornado track yields a total of 144 segments, with 93
mean distance from the centerline for each band. For exn the CNF track and 51 in the GSMNP track. Although
ample, the total width of the damage in segment CNRhe damage along both tornado tracks is discontinuous,
109 isw = 1626 m, giving a distance of 81.3 m from ith undamaged patches interspersed within the primary
centerline to the.edge of the damage path._The dlstancgzamage path (Cannon et al. 2016), there remains con-
from the centerline to the outer edge of this innermosisiderable variability in the width of the damaged regions
band covers one fifth of this distance and is thereforeyithin segments with measurable damage (Fig. 7). These
16.26 m on either side of the centerline. The mean diS'damage widths range from less than 50 m to over 1600
tance from the centerline to band 1 is therefgre=8.13  m (Table 3). The damage track is generally wider for the
m. JUSt.OUtS|d.e band 1, the regl'on from 16.26 mto 32523SMNP tornado, averaging approximate|y 950 m, com-
m on either side of the centerline defines band 2. Th%ared with the average damage width of approximate|y
mean distance from the centerline for band 2 is thereforg72 m in the CNF tornado track. Similarly, the mean
rh, = 2439 m and so on. Similarly, segment GSMNP gamage severity varies substantially among segments,
15 has a damage track width of= 15606 m, giving  ranging from less than 1% to more than 70% basal area
rp, = 7803 m, rp, = 15606 m, and so on out to,,.  down (Fig. 7; Table 3). The mean damage severity, how-
Therefore, the torque for each segment within bamsl  ever, is nearly identical for both tornado tracks. These
Tn = 0.2Ryry,, evaluated for each possible wind speed. symmary measures do not fully characterize the varia-
Note that these calculations of drag and torque assumton in severity. Personal observations by the authors re-
a constant vertical wind profile from the surface throughveal that many damaged patches experienced essentially
the height of the trees. Rare Doppler radar observation$00% canopy destruction, but do not exactly coincide
of tornadic winds very near to the surface reveal thatwith the boundaries of the segments reported here. Due
winds often maintain a linear velocity profile down to to the large variability of damage path width along each
2-3 m above ground level (J. Wurman, personal comtornado track, the number of pre-disturbance trees stand-
munication). Even if the calculations were to assume dng in each segment varies considerably (Fig. 7). The
non-uniform wind profile, the characteristics of that ver- combination of varying path width and damage severity



TABLE 4. Pre-storm drag (MN) from standing trees.

Velocity CNF GSMNP
(ms™?h)

Min—Max Mean+ S.D. Min—Max Meant S.D.
25 1.1-27.8 14.4-6.1 5.7-41.4 23.%8.2
30 1.7-40.0 20.2-8.8 8.2-59.6 34.59 11.7
35 2.3-54.5 28.212.0 11.1-81.2 46.9 16.0
40 3.0-71.2 36.8& 15.7 14.6-106.0 61.2 20.9
45 3.8-90.1 46.6- 19.9 18.4-134.2 775 26.4

5.2 Torque

The estimated torque imposed by the trees prior to
treefall varies tremendously among track segments (Ta-
ble 5), with a 569-fold variation between maximum and
minimum values in the CNF track and a roughly 53-
fold variation in the GSMNP track. The mean torque
across all segments ranges from 4855 meganewton-

50 47-1113  57.5:245 227-1656 952326 meters (MNm) at a wind speed of 25 m'sto 111 852
55 57-1346  69.529.7  27.5-200.4 1158395 MNm at 120 m s in the CNF track and from 12 689
60  67-1602 828353  32.8-2385 1378470 MNm to 292 342 MNm at the same respective wind

65 7.9-188.1 97.+41.4 38.4-279.9 1618 55.1
70 9.2-218.1 112.6-48.1 44.6-324.6 18746 63.9

speeds in the GSMNP track. For a given wind veloc-

75 105-2504 1293552 51.2-372.7 2154 73.4 Iity, the torque is roughly 2.6 times greater in GSMNP
80 12.0-284.9 1474 62.8 58.2-424.0 2458835 Segments compared with the CNF segments.

85 13.5-321.6  166.1270.9 65.7-478.7 27646 94.3
90 15.2-360.6  186.2 79.5 73.7-536.6 310 105.7

95 16.9-401.7 207.%88.5 82.1-597.9 3455 117.8 a)

100 18.7-445.1  229.8498.1 91.0-662.5 38248 130.5
105 20.7-490.8 2534 108.2 100.3-730.4 4224t 143.8
110 22.7-538.6 278.2118.7 110.1-801.6 4632 157.9
115 24.8-588.7 304.6129.8 120.3-876.2 506:8172.6
120 27.0-641.0 331.6141.3 131.0-954.0 551:8187.9

explains why the number of overturned trees per segmer
varies by more than two orders of magnitude betweer
segments (Table 3).

5.1 Drag

Total drag, in meganewtons (MN), caused by standing
trees prior to treefall varies by approximately 24-fold be-
tween the maximum and minimum values for each pos-
sible wind speed within the CNF segments (Fig. 7; Ta-
ble 4). There is substantially less variation in drag force
among segments in the GSMNP track, with the max-
imum roughly seven times greater than the minimum
value. At a typical wind speed of 65 nT§ for ex-
ample, drag varies from 7.9 to 188.1 MN in the CNF
track, while in the GSMNP track, drag varies from 38.4

to 279.9 MN. The great majority of the difference be- c)

tween the two tracks appears to derive from the generall
wider damage path in the GSMNP track.

An extension of this approach can provide drag esti-
mates for many combinations of wind velocity and track
length, as shown in Fig. 8. For example, in a hypothet-
ical tornado through the CNF forest with identical dam-
age widths in each segment, a wind velocity of 65 m
s would result in cumulative drag totals of 4856 MN,
14 568 MN, and 24 280 MN for 10-, 30-, and 50-km
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damage paths, respectively. The corresponding cumule
tive drag totals for a hypothetical tornado in the GSMNP
forest would be 8087 MN, 24 262 MN, and 40 437 MN

Wind speed (m s7)

fo,r 10-, 30-, and 50-km dqmage paths, respectively. Th%le. 8. Cumulative drag (MN) on the tornado vortex as a functibn o
wider damage segments in the GSMNP tornado producgind velocity for various track lengths in a) the CNF forestla) the
substantially greater cumulative drag for all wind veloc- GSMNP forest. Panel c) shows the cumulative drag (MN) as etifum
ities and track lengths. of wind velocity in each forest for the observed tornadokriangths.



TABLE 5. Pre-storm torque (MNm) from standing trees.

Velocity CNF
(ms™

Min—-Max Mean+ S.D. Min—Max Meant S.D.
25 27-15,425 4855 3730 642-34,063 12,689 8232
30 39-22,211 699% 5371 925-49,050 18,274 11,854
35 53-30,232 9515 7311 1259-66,762 24,860 16,135
40 69-39,487 12,428 9548 1644-87,199 32,48821,074
45 88-49,975 15,729 12,084 2081-110,362 41,11126,671
50 108-61,698 19,419 14,920 2569-136,249 50,75432,928
55 131-74,655 23,49F 18,053 3108-164,861 61,41239,843
60 156-88,845 27,963 21,484 3699-196,199 73,08647,416
65 183-104,269 32,81F 25,214 4342-230,258 85,7%355,647
70 212-120,931 38,06% 29,243 5035-267,053 99,48064,539
75 244-138,820 43,692 33,569 5780-306,559 114,19674,087
80 277-157,947 49,714t 38,194 6577-348,796 129,93084,294
85 313-178,308 56,120 43,118 7424-393,759 146,67995,161
920 351-199,904 62,918 48,340 8324-441,451 164,444106,687
95 391-222,729 70,10t 53,859 9274-491,856 183,221118,868
100 433-246,794 77,676 59,679 10,276-544,999 203,0%7131,711
105 477-272,090 85,637 65,796 11,329-600,859 223,825145,211
110 524-298,620 93,987 72,211 12,434-659,466 245,649159,370
115 573-326,386 102,726 78,925 13,590-720,761 268,490174,189
120 624-355,381 111,85R 85,937 14,798-784,793 292,342189,663

5.3 Forceexerted ples in the CNF track to the full 58.3 km of the observed
ground damage, and thereby multiplying each estimated
guantity by a factor of 3.13, and doing the same for the
90.2 km sampled in the GSMNP track by multiplying by
a factor of 2.55 to estimate each quantity for the entire
o . 26.0 km track, reveals the total drag force and mechani-
the GSMNP track exhibits a less-extreme 20-fold var-cal work accomplished by each tornado. The cumulative
ation (Fig. 7). Most of this difference results from the f ted on the CNE forest totals slightly more than
lack of substantial damage in a few of the CNF segmentSZlorSCe '(Ie|>.<er KN and th hanical K gnhtly lished i
Conversely, the maximum force exerted in the CNF track million kN and the mechanical work accomplished is
is only about 12% greater than the maximum force ey 2ver 75 000 MJ, or the equivalent of 17.9 tons of TNT.
The GSMNP tornado exerted slightly more than 3.1 mil-
Tion kN of force on the forest and accomplished approxi-
ymately 52 000 MJ of mechanical work, or the equivalent
"of 12.4 tons of TNT. It is worth pointing out that these
. : cumulative totals are somewhat more similar than would
5.4 Mechanical work accomplished be expected on the basis of damage track length alone.
The estimate of the mechanical work accomplishedThe CNF track is 224% of the length of the GSMNP
as each tornado overturned trees also shows substantiddmage track, but the total force exerted on the CNF for-
variation among segments within a given tornado trackgest was only 46% greater than the force exerted on the
ranging from 2.1 to 731 MJ, with a pooled average for GSMNP forest. Indeed, the average drag force per kilo-
both tracks of 330.7 MJ per segment (Table 3). Parallelmeter by the GSMNP tornado is 120 000 kN khand
ing the force exerted, the variation in work accomplishedonly 78 000 kN knt? for the CNF tornado. The aver-
among segments is roughly 20-fold from the minimumage mechanical work accomplished per kilometer by the
to maximum within the GSMNP track, but nearly 500- GSMNP tornado is 2010 MJ knt and only 1295 MJ
fold in the CNF track. The mean work accomplished iskm~? for the CNF tornado. Therefore, the GSMNP tor-
54% greater in the GSMNP tornado. nado accomplished 55% more mechanical work per unit
The cumulative force exerted and mechanical work acdength than the CNF tornado. Also noteworthy is the fact
complished in the process of overturning trees can be eghat the cumulative mechanical work accomplished by
timated for the entirety of both tornado tracks by assum-each tornado is roughly similar to the explosive yield of
ing that the damage segments are good representationsafvery small, tactical nuclear weapon such as the Davy
their respective tornado damage paths. This is a reasoiGrockett artillery warhead with an explosive yield of 10—
able assumption given the wide spacing of the segmenta0 tons of TNT.
along both tracks. The regular 500-m interval between
segments should mitigate any spatial bias. Linearly ex-
trapolating the 18.6 linear km covered by the 93 sam-

The total force exerted in the process of overturning
trees also varies significantly among individual segment
in both tornado tracks (Table 3). The total force ex-
hibits a 500-fold variation within the CNF track, while

within a tornado track, the mean force exerted is roughl
549% greater in the GSMNP track than in the CNF track



6. DISCUSSION sons. First, there remains no quantitative basis to model
the energy expenditure required for partial tree dam-
The most striking element to emerge from these analage, so these estimates consider only the energy required
yses is the patchiness of the forest damage created lyg overturn trees completely. Actual forests, however,
both tornadoes. Both damage tracks exhibit gaps beean sustain substantial partial tree damage, such as bro-
tween the touchdown and end points, with no discernken branches or partial canopy removal (Peterson 2007),
able damage in the remote imagery, with the exceptionhereby increasing the true energy expenditure over the
of perhaps slight damage such as defoliation or breakagestimates reported here. Second, results from experimen-
of small branches. Where the aerial imagery shows detal winching studies have guided the authors’ estimates
tectable damage, both the severity and the damage patif the force necessary to overturn trees. Winching exper-
width vary tremendously. Indeed, it is difficult to recon- iments typically measure the critical force necessary to
cile the spotty impression shown in Figure 1, as well asoverturn a tree that does not contact neighboring trees.
a similar figure for the GSMNP track in Cannon et al. However, studies have shown that forest trees subjected
(2016), with the elongated nested damage polygons thab high winds may provide substantial mutual support to
typically emerge from most quantitative tornado damageone another (Rudnicki et al. 2001; Webb et al. 2013),
surveys. It seems likely that some of the difference maythereby increasing the force necessary to overturn trees
lie in the density of points at which surveyors can quan-that still have standing neighbors. Consequently, the re-
titatively estimate damage severity. In the present studysults reported here likely underestimate the true energy
the density of the trees within both forests allows a sepexpenditure.
arate damage severity estimate for every 26rd0 m Within a given tornado track, it appears that trees in a
cell along the entire damage track. In many storm surheavily-forested landscape do indeed present substantial
veys, large spatial gaps may exist between traditionakrface roughness. In contrast to tornadoes moving over
damage indicators that correspond with certain degreégpen farmland or bodies of water, the two tornadoes in
of damage on the enhanced Fujita (EF) scale (WSEGhjs study encountered surface roughness that may have
2006). However, even in the rare cases where surveyoliseen a sink for hundreds or thousands of times more en-
have assigned a degree of damage to nearly every singlgrgy than the smaller and weaker objects that populate
family home within a residential area (e.g., Burgess et alggricultural landscapes. Notably, Shenkman et al. (2014)
2014), the spatial variation in damage severity appeargeport that the addition of a very modest amount of sur-
substantially less than observed here. Perhaps the vegyce drag to a simulation of the 2013 Moore, Oklahoma
rugged terrain that confronted the two tornadoes studiornado alters the dynamics of tornadogenesis through
ied here may have contributed to the spatial variationne generation of vertical vorticity near the ground. Sim-
in damage severity. For example, Cannon et al. (2016)arly, Roberts et al. (2016) find that surface drag en-
show clear patterns of increasing forest damage sevefiances vertical vorticity through several mechanisms.
ity as these same tornados traverse downslope, and dijthough the present study does not actually quantify
minishing severity as they travel upslope, across an enoisyrface roughness itself, it does provide a first approx-
mous variety of terrain. imation of the amount of energy that very rough surfaces
Though an examination of the relationship betweenmay absorb from a tornado. Future research efforts might
damage path width and severity—which serves as a suise these findings to improve full-physics simulations
rogate for tornado intensity—is not a primary objective and to evaluate the influence of such energy expenditures
of this work, it remains worthwhile to point out that there on tornado dynamics.

exists a weak positive correlation € 0.33) between  Tyo aspects of the calculations reported here bear fur-
damage path width and damage severity in the 93 segher discussion. First, trees have been modeled individu-
ments of the CNF tornado track, though the 51 segmentgly to the extent possible under the implicit assumption
of the GSMNP track exhibitan even weaker negative Corthat each tree operates independently from other trees.
relation ¢ = —0.22). Brooks (2004) reports a weak cor- since trees in nature can offer one another mutual sup-
relation between width and EF-scale level in an examinaport, the appropriateness of separately considering the
tion of a very large number of tornadoes. In addition, Pe-effect of each tree on the wind field remains unclear.
terson et al. (2013) find that forest damage patches from 8econd, unlike the static structures in Lewellen (2014),
derecho also exhibit a positive correlation between damgyhich addresses the influence of local roughness on the
age patch size and damage severity. Consistent with suqBrnadic wind field, trees in a tornado are highly dynamic
findings, it is well known that some of the most damag-and their influence on the wind field will change dramat-
ing EF4 and EF5 tornadoes (e.g., Joplin, MO in 2011 andcally if the tree is uprooted or broken. Therefore, it is
Moore, OK in 2013) are large wedge tornadoes. SeVimportant to emphasize that the drag forces calculated
eral lines of evidence, therefore, seem to converge on thgere correspond with a forest prior to any treefall. As a
conclusion that there exists a potential correspondencgyrnado passes, trees will overturn and these interactions
between tornado intensity and damage path width. || change rapidly. A tornado may encounter short-
The magnitudes of energy expenditure reported heréved, but substantial, drag-induced effects if it moves
likely represent only minimal estimates for two rea- across a sharp boundary from a low-roughness surface



into a full-stature forest.

This represents the first attempt to investigate the en-
ergy expenditure and mechanical work accomplished by
tornadoes passing through heavily-forested landscapes
and the associated surface drag induced by a forest. As

Everham, E. M., lll, and N. V. L. Brokaw, 1996: Forest damagd a
recovery from catastrophic winéot. Rev.62, 113-185.

Forbes, G. S., 1998: Topographic influences on tornadoesrindyl-
vania. Preprints19th Conf. on Severe Local StornMinneapo-
lis, MN, Amer. Meteor. Soc., 269-272.

such, and because of the limitations and constraints of

the available observations, this study incorporates a num-

ber of assumptions and simplifications. However, the
calculations incorporate a substantial amount of realism
wherever possible. Future work will undoubtedly exam-

ine these underlying assumptions to determine, for exam-

ple, the appropriateness of a uniform vertical wind pro-
file or whether or not static winching studies produce the
most realistic estimates for tree wind resistance (cf. Hol-
land et al. 2006; Beck and Dotzek 2010). Estimates of
drag force, torque, and mechanical work accomplished
by tornadoes could therefore benefit from potential im-

provements based on refined input from future research

efforts.
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