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1. INTRODUCTION field surveys or high-resolution aerial imagery. The best
A it of the ondoing effort to produce a standardmatCh between the treefall patterns identified through a
S part ot the ongoing P mapping of these vectors and treefall patterns produced

for wind speed estimation (LaDue et al. 2018), the au;gy a simulated wind field of comparable geospatial scale

thors have developed three techniques to estimate win rovides an estimate of the wind speed from the tornado.

e of 1ootall o1 e everty of damage withn foreatad CONTast, the Godrey—Peterson method does not re-
Y 9 uire a simulated wind field or treefall vectors, but in-

areas: the Lqmbardo, Karstens, and Godfrey—Petergo ead uses the results of a coupled wind and tree resis-
methods. .Whlle each m'thod produces reasonable wi nce model to estimate the most probable wind speed
speed estimates for individual tornado tracks, as showg

by their respective published results. the authors won® ssociated with distinct levels of forest damage. Each
y P P ’ of these three methods can provide wind speed estimates
dered whether the methods would produce comparabl

results for the same tornado. The 22 May 2011 .Joplin,{aor allor part of a tornado track.

MO EF5 tornado analyzed by Karstens et al. (2013) and
Lombardo et al. (2015) provides a unique opportunity to
develop a comparison of the EF-scale estimates providea' WIND SPEED ESTIMATION METHODS
by each of these three methods. Since the Lombardo and The Godfrey—Peterson method is based on the work
Karstens methods had already been applied to this tolef Godfrey and Peterson (2017); the Lombardo method
nado track, only the Godfrey—Peterson approach to wings based on the work of Kuligowski et al. (2014), Lom-
speed estimation remained in order to compare all threpardo et al. (2015), and Rhee and Lombardo (2018); and
methods. Additionally, a detailed ground assessmenthe Karstens method is based on the work of Karstens
of mostly traditional EF-scale damage indicators existset al. (2013). The essential first component for both the
along the entire damage track (Marshall et al. 2012), ent ombardo and Karstens methods is an idealized axisym-
abling a complete comparison between all three methodgetric vortex model to simulate a single vortex tornado.
along with an objective estimate for ground truth. Note that the Godfrey—Peterson method does not require
These three treefall pattern and forest damage analya vortex model and is the only method that can be ap-
sis methods for wind speed estimation rely on observeglied to a multiple-vortex tornado. Implementation of
tornado damage to a collection of trees, which musthe vortex model has generally been implemented us-
have been uprooted or snapped. While all three mething the Rankine assumption, following equations pro-
ods estimate the tornado wind speed by analyzing theided in Holland et al. (2006; note the error in Eq. 11
tree damage as a collective, the Lombardo and Karstensf this article) and Beck and Dotzek (2010), though the
methods require that the treefall vectors reveal a patterrearliest work in this domain is that of Letzmann (1923,
Application of both the Lombardo and Karstens meth-1925, 1939). Both Karstens et al. (2013) and Lom-
ods requires the creation of a detailed database of digsardo et al. (2015) outline additional assumptions and
itized, georeferenced treefall vectors, collected thtoug simplifications to the Rankine vortex for the respective
wind speed estimation methods. In both cases, the Rank-
ine vortex neglects the vertical wind component and the

*Corra;pondm? author address: Christopher M. Godfregy University  vertical distribution of horizontal winds (i.e., the verti
e
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i i i #2450, Asheville, NC 28804; ak: - - . . - '
ey Heghts, CPO #2450, Asheville, NC 28804; &M 4imensional wind field that does not vary with height



The Lombardo and Karstens methods vary the follow-{Z¥
ing parameters in vortex simulations to achieve a “besp
match” (i.e., subjective best-fit) to observed tree damag
patterns: tangential velocity, translational velocigdial |
velocity (typically inflow), radius of maximum rotational
velocity, and direction of movement of the vortex. ——
Each method compares observed and simulate @
treefall using a variety of approaches. For each tree, thi*
wind velocity is either input into a tree stability model
(Godfrey—Peterson method) or compared with an a
erage treefall-inducing wind speed (Lombardo method &
or an assigned wind speed from a Gumbel distributio ‘“3‘
(Gumbel 1958) of critical treefall-inducing wind speeds
(Karstens method). If that velocity results in force val- rig. 2. A section of a tornado track illustrating the assignngeote-
ues greater than either the assumed root resistance @iire for EF-scale levels. Red arrows represent fallen tyafisw dots
trunk resistance, the tree fails and falls in the directionrepresent standing trees, and the black lines show the bdesdf the
of the instantaneous wind vector. These methods astO0 mx 100 m subplots. At the top left, for example, the tornado
: : nocked down 53% of the trees in the subplot, correspondiitiy av
Sume nc.) Cumu.latlve Weakenlng o.f trees from eXpOS.urér(nost probable wind speed of 47 mls(105 n?.p.h.) and gn Ellzigcale
to sustained winds. Each tree is independent of neighzing of EF1. From Godfrey and Peterson (2017).
boring trees, neither benefiting from shelter or interlock-
ing branches, nor suffering greater risk from the impact
of falling neighbors. While useful in any setting, the the complexity of the near-ground wind field (Lewellen
Lombardo and Karstens methods may therefore be most012) to the point where general patterns become dif-
applicable to small patches or groves of trees (near théicult to identify. Second, observations by the authors
size of one hectare), while the Godfrey—Peterson methodf actual treefall directions of hundreds of thousands of
may be more applicable to large, continuous expanses afees in a 2011 Great Smoky Mountains tornado are ex-
forests. ceedingly complex, and appear to defy simple descrip-
The potential role of topography is an important con-tion. Indeed, Godfrey and Peterson (2017) note that the
sideration in the application of these wind speed estimaHolland et al. (2006) approach should not be attempted in
tion methods. While none of the implementations to daterugged terrain, and is most promising in low-relief land-
have explicitly considered topography or terrain, there isscapes. Regarding the methods presented here, the Lom-
evidence from several directions that suggests such ebardo method follows a similar sensitivity to individual
fects are very important. First, full-physics simulations treefall, and thus, sensitivity to rugged terrain, whereas
that include even single hills or ridges greatly increasethe Godfrey—Peterson and Karstens methods will have
less sensitivity to the underlying terrain due to the re-
liance on aggregated treefall. In fact, the Godfrey—
Peterson method is particularly useful in regions with

complex topography.
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The Godfrey—Peterson method follows the approach
of Godfrey and Peterson (2017) and applies to damage
tracks through generally continuous sections of forested
land, regardless of topographical features. At its core,
this statistical approach relies on a coupled wind and
tree resistance model (Peltola and Kellomaki 1993) to
develop a distribution of treefall percentages associated
with a given wind speed in a particular forest. Tree sta-

o 0 bility models calculate the force of the wind on a tree
Percentage of trees blown down (%) based on knowledge of its species, height, trunk diameter
N ) ) o at 1.4 m above the ground [i.e., diameter at breast height
FiG. 1. Probability density functions describing the percgataf trees (DBH)], and either observed or inferred crown width and

blown down at various wind speeds in 10000 fictitious sami¢sp S
using trees drawn from a database of observed trees in tlat Sreoky depth. The force of the wind is further dependent on the

Mountains National Park. The shaded region correspondsaninost ~ Wind _VelOCity, air .dens_it% and drag coefficient and re-
probable wind speed of 50 nT%in this forest. From Godfrey and  Sults in a mechanical displacement of the crown, causing

Peterson (2017). a bending moment at the base of the tree. If this bend-

Probability Density
o
=
ul

I
—
o

0.05

0.000



ing moment exceeds the tree’s resistance to breakage only very slight differences are evident in the probabil-
uprooting, then the tree falls. An individual tree’s DBH ity density functions for the Great Smoky Mountains
and known species-dependent values for wood strengtNational Park and the Chattahoochee National Forest.
(Kretschmann 2010; Panshin and de Zeeuw 1970) profhe wind speed-treefall percentage relationship found
vide estimates for the critical bending moment for trunkby Godfrey and Peterson (2017), therefore, may have
breakage, while empirical winching studies (Kane andbroad applicability to other forests, but detailed ground
Smiley 2006; Nicoll et al. 2006; Peltola 2006; Peter- survey information to date is unknown. If the wind
son and Claassen 2013) allow estimates of the criticabpeed—treefall percentage relationship is known or can
bending moment for uprooting. The area of the crownbe approximated for the forest under consideration, then
depends on a species-dependent height—-DBH allometrg damage assessment team simply needs to estimate the
based on the ideal tree distribution (ITD) model (Purvespercentage of fallen trees within a plot of the appropriate
et al. 2007). Godfrey and Peterson (2017) explain therea, provided the plot contains a sufficient number of
implementation of the ITD model in this context. trees (i.e., more than at least 10). Ideally, more than 100

With knowledge of the forest composition, tree size total trees will be present within the sample plot of the
distribution, and tree density determined through ground®ppropriate area. Lastly, Godfrey and Peterson (2017)
surveys either before or after a tornado event, the methogote that this wind speed estimation technique allows
proceeds by random|y drawing, with rep|acement7 afor the calculation of confidence intervals on each wind
small sample of 100 trees from this database of observe#Peed estimate. This allows a damage assessment team
trees. The coupled wind and tree resistance model dd0 adjust EF-scale levels upward or downward depend-
termines the percentage of trees that fall in this fictitiousing on other factors such as soil or rooting conditions,
plot for a set of wind speeds ranging from light breezes tdhe age or exposure of the tree stand, or other specific
extreme wind speeds. Repeating this process a sufficieircumstances surrounding a tornado event.
number of times (i.e., 10000 times) yields a probabil-
ity density function that describes treefall percentagesf 25 | ombardo Method
each wind speed (Fig. 1). In small sections of a tornado

track (e.g., square plots measuring 100-200 m on each The Lombardo method determines the near-surface
side), the assignment of wind speeds proceeds by assesgind speeds of the tornado by analyzing the treefall pat-
ing the observed percentage of fallen trees. The mosern that the tornado produces. The method uses a Rank-
probable wind speed that produced the damage in eagfe vortex model to replicate the tornado wind field and
subplot then corresponds with the associated samplinghe treefall pattern to estimate the parameters of the wind
distribution with its peak matching the observed percentfield. Rhee and Lombardo (2018) discuss further im-
age of trees blown down in that forest section. Fig. 2provements through the use of an asymmetric vortex
illustrates this procedure.

It is important to note that implementation of this
method does not strictly require ground surveys to ascer ...
tain the species composition, tree size distribution, anc DW= 0W;-+ DW,

r . DR = DW:/ DW1

tree density along or near the tornado track, nor does i -
require the use of the tree stability model and resampling *
procedure described above. These elements and tools ¢ -—
required for the development of a new set of probabil- ‘
ity density functions that relate the percentage of trees ™ o _ T umg T
blown down with wind speed in a new forest. If time, re- ¢ '~ _ - - 77~ '
sources, or expertise limit the ability to conduct ground : _
surveys and develop new functions, then it remains rea:
sonable to use existing functions developed for different "
forests under the assumption that the species compos .. _ DW:
tion and size distribution is reasonably similar. In lieu
of extensive ground surveys, models, and statistical pro
cedures, the wind speed-treefall percentage relationshi
based on the species composition, tree size distributior =
and tree density observed through ground surveys in th
Great Smoky Mountains National Park (Godfrey and Pe-
terson 2017) could be used immediately in a different
Iocat_lon. Tree winching studies that measure the torqug May 2011 Joplin, MO tornado, including the damage widthV)D
requ!red to knock down trees Sque_St that. the wind spee either side of the confluence line (CL, gray dashed). Ttielashed
required for treefall is not substantially different a®0s |ine indicates the half-way point across the damage path.1 B\
species and size classes (Cannon et al. 2015). Indeed, w2 refer to the damage width above the CL and below the CL, re-
the two forests studied by Godfrey and Peterson (2017 xpectively.

1G. 3. Treefall pattern diagnostics and digitized treefatitoes for the
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FIG. 4. Treefall pattern diagnostics for a simulated treefalttgrn.
Blue arrows indicate the meteorological wind direction (MiDdefined
points along the transect. Other symbols are as defined irBFlgrom

between the damage width and damage ratio for the ob-
served and simulated patterns for the Joplin tornado. The
“best-matching” combination of Rankine model param-
eters that produces the minimum total error for both di-
agnostics allows a reconstruction of the wind field, from
which a user can determine the maximum wind speed of
the tornado. For example, Fig. 6 shows the time history
of wind speed and direction of the reconstructed wind
field for the Joplin tornado at the southeast corner of the
intersection of W. 26th St. and S. Jackson Ave.

While the Lombardo method does not require them,
ground surveys are recommended if possible as a sup-
plement to, or in lieu of, aerial photographs since de-
tailed data collection on the ground can provide informa-
tion that is often unobtainable from the air, such as DBH,
height, species, and other tree characteristics. Geperall
a surveyor will document the location and azimuth of
fallen trees within multiple transects perpendicular & th
tornado track. In addition to treefall, a detailed survey of

Rh d Lombardo (2018). . X gy :
ee and Lombardo (2018) failed and non-failed traffic signs may also provide the

lower and upper bound wind speeds of the tornado, re-

model and radar measurements and the application @pectively.

this method in crop and structural infrastructure damage.

To implement the method, a user first obtains the ob2.3 Karstens Method

served treefall pattern of a tornado through either aerial o
photographs or a ground survey and then generates a sim- 1 '€ Karstens method represents an objective proce-

ulated treefall pattern that resembles the observed paflure to estimate a peak wind speed from a tornado after
tern through iteration with different vortex parameters. Performing a detailed analysis of observed treefall from

Quantification of the treefall pattern into a set of diag- & Section of a tornado damage path where the most in-
nostics, along with the calculation of the mean-squaredense treefall occurred. This mgathod matches observed-
error between the observed and simulated patterns, afind model-average cross-sectional treefall vectors and
lows the selection of the most appropriate parameters fogXtends the work of Holland et al. (2006) and Beck and
the Rankine model. The set of diagnostics for the treefalP0tzek (2010), while adding additional geospatial, sta-
pattern include 1) the width of the tree damage (dam_nstlcal, and_ pattern-recognition tech_nlques to estimate
age width, DW), 2) the ratio of the damage width (dam-the peak wind speed associated with tornado-induced
age ratio, DR) on either side of the confluence line (CL,reefall patterns.

i.e., the location where the treefall patterns converge) in The Karstens method requires georeferenced vertical
a given transect, and 3) the azimuth (or average azimutterial imagery with sufficient resolution to identify faile

of treefall at a specific location within the transect (mete-trees, as well as an area along a tornado track that has
orological direction, MD). Fig. 3 illustrates the observed @ sufficient homogeneous coverage of trees such that a
treefall pattern diagnostics for a portion of the Joplin tor damaged region is evident in the aerial photographs. The

nado track, while Fig. 4 shows the same diagnostics foprocess for applying this method to a region of tornado-
the simulated treefall pattern. induced treefall first involves the creation of four geospa-

A Comparison between the diagnostics from the ob.tia.l vector datasets. These include dlgltlzed treefallvec

served and simulated treefall patterns allows the detertors, adamage path polygon, aline of maximum damage,
mination of the best Rankine model parameters. In thénd an estimation of the observed tornado centroid loca-
Lombardo method, the average treefall-inducing wind
speed is one of the input variables required to producr
a simulated treefall pattern. The scientific literature{Pe
tola and Kellomaki 1993; Peltola et al. 1999) provides
an estimate of the initial wind speed input range, which
is refined iteratively until the modeled treefall pattern
best matches the observations. This approach assum
that trees fall in the direction of the wind when the wind
speed exceeds the critical treefall-inducing wind speed.
The parameter determination process iterates until the,c. 5. Damage width (blue) and damage ratio (orange) comperiso
discovery of the minimum mean-squared error betweemetween the observed (dots) and simulated (solid linejaitggatterns
the two diagnostics. Fig. 5 demonstrates the comparisofer the 22 May 2011 Joplin, MO tornado.
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FIG. 6. Wind speed and direction time history for the 22 May 2011
Joplin, MO tornado wind field at the southeast corner of thersec-
tion of W. 26th St. and S. Jackson Ave.), using the “best-hiatt
parameters. From Kuligowski et al. (2014).

tions (i.e., the center of mesocyclone circulation obtdine

gon with the nearest translation segment, allowing for the
calculation of the distance from maximum damage and
the calculation of a normalized treefall direction. This
normalization procedure is necessary to produce an ob-
servational dataset that more closely resembles the pat-
terns of treefall produced by the Rankine vortex model
that uses a unidirectional translation vector. This pro-
cedure therefore removes from consideration fallen trees
residing outside of the digitized damage path polygon.
Frequently, these exterior regions will contain a low sam-
ple size of trees, thus making any results sensitive to out-
liers. Notably, Karstens et al. (2013) found evidence of
a rear-flank downdraft surge that may have led to a more
divergent pattern of treefall on the Joplin tornado’s right
ward flank.

At this point, the user groups the observed treefall
field into regularly-spaced bins, offset and running par-
allel to the line of maximum damage. The average nor-
malized treefall direction for each bin reveals an aver-
age cross-section of normalized tornado-induced treefall
Likewise, this binning procedure is carried out on the
modeled treefall vectors and repeated several times for a

from radar data) at various positions along the entirety ofange of various vortex parameter values until a modeled
the damage path. Fig. 7 illustrates each of these four repattern subjectively matches that of the observed pattern.
quired datasets. The line of maximum damage should bghe vortex model also uses an estimate of the radius of
estimated from aerial imagery and corroborated with amaximum winds from the tornado. The user may esti-
ground survey, if possible. As discussed in Karstens et aknate this radius via aerial imagery or a ground survey
(2013), this line may be interchanged with, butis not necy identifying the region of the damage path where max-
essarily equivalent to, the approximate tornado centerimum damage occurred. With the radius of maximum
line. A user first segments this line of maximum damagewinds and translation speed set as fixed values, the re-
along the track based on its intersection with the nearmaining free parameters become the radial and tangential
est estimated tornado centroid locations. Thereafter, theelocities. Karstens et al. (2013) found that a two-to-one
user segments the line of maximum damage into 1 s inratio of the radial to tangential velocities provided the
crements based on the amount of time between estimateskst matching pattern in the two cases analyzed (one of
tornado locations, such that the direction of translationwhich was the Joplin tornado), implying that these torna-
can be estimated at fine spatial and temporal resolutiodoes had strong radial near-surface inflow.

between each segment. Then, the user pairs each digi- g 8 shows an example of this subjective comparison
tized tree residing within the digitized damage path poly-5n4 selection using a bin spacing of 100 m. After making

Treefall

) Track

N
Normalized Tree-Fall
»0-179

== Max Damage Line Joplin

FiG. 7. Digitized geospatial elements necessary for usagesdfétnistens method based on the treefall from the 22 May 204linJMO tornado.
Red triangles and associated UTC times indicate the al@ug-position of each tornado vortex signature centroitifeged from the Springfield,
MO, [KSGF] Weather Surveillance Radar [WSR]-88D). Adapfen Karstens et al. (2013).



‘ NN e At ‘ Application of the Godfrey—Peterson method to the
: : : ‘ trees in Joplin yields a large swath of EF5 damage

‘ e N T T 2 ‘ (Fig. 10), with the expected reduction in damage levels
-1500  -1000 500 0 500 1000 1500 on the left and right sides of the damage track. Since
Distance From Geometric Center (meters) the approach relies on a sufficient number of trees within

FiG. 8. An example of an observed (top) and modeled (bottom) meal each SprIOt' the most reaIISt.IC .reSUlt is obtained with
cross-section of normalized tornado-induced treefaltorsc Adapted r?OO m x 200 m SprIOtSj This is larger than the rec-
from Karstens et al. (2013). ommended subplot area in dense forests, and sacrifices
spatial resolution, but the relative scarcity of trees in
this suburban environment necessitates this adjustment.
a manual selection based on a subjective visual compafFhough the National Weather Service (NWS) rated this
ison, the wind field produced from the analytical vortex tornado EF5 through ground-based damage assessments,
model that produced the modeled treefall pattern leads tthe prevalence of EF5 ratings via the Godfrey—Peterson
an estimate of the maximum wind speed of the tornadamethod is likely overinflated due to the shortage of trees
across the damage path. in this suburban environment (i.e., the number of trees in
each subplot barely exceeds the minimum requirement
of 10 trees). This shortage of trees makes it more likely
3. COMPARISON BETWEEN METHODS that a subplot will have experienced damage to a larger

The authors chose the 22 May 2011 Joplin, MO EFsPercentage of the total number of its trees compared with

tornado as the case study with which to conduct the com@ Subplot with an ideal number of trees (i.e., 100 trees)
parison of all three methods simply because the Lom-and hlghllght.s the Ilmltauons of the Godfrey—Peterson

bardo and Karstens methods had already been applied HﬂlethOd outside a continuously-forested damage track.
this tornado. All three methods yield estimates of wingA\lso note that there are sections of the tornado track that

speeds as a function of the percentage of trees blowfi’® NOt rated by this method because, at fewer than 10
down (Fig. 9). Each of these functions is derived dif- trees per subplot even with the larger subplot area, there

ferently. While the lognormal treefall function associ- &€ N0t enough trees to assign an EF-scale rating. As de-

ated with the Lombardo method is derived directly from _scribed in Qodfrey and Peterson (2017), a spatial shift
n the location of each subplot does not appear to make

data collected within the Joplin tornado track (assumed S . S
a constant 40 m<), the function associated with the a substantial impact on either the overall distribution of
Karstens method is derived solely from a Gumbel distri—EF's‘CaIe levels a]ong the tornago track or the general
bution (Gumbel 1958) of treefall-inducing wind Speedscharacter of the visual presentation of the damage map.
based on the EF scale (WSEC 2006). The function as-
sociated with the Godfrey—Peterson method is derivec' 120/~ ; v
from ground survey data collected in the Great Smoky : 1250
Mountains National Park following a 27 April 2011 EF4 | EF
tornado and is very similar to the relationship based or
ground surveys in the Chattahoochee National Fores..  |ee,

The function shown for the Godfrey—Peterson methocv ' : £
in Fig. 9 therefore represents the relationship betweer; | EF3 o 1150
the percentage of trees blown down and wind spee(s *er2 / :
for a central hardwoods forest typical of the southeast-.’gf : ' S
ern United States rather than the somewhat similar oak
hickory forest surrounding Joplin. Nevertheless, the au-
thors feel confident in attempting a broad generalizatior
and applying this relationship to the trees in Joplin. De-
spite these differences in origin, all three functions ex-  o; 55 m & = 78
hibit strong similarities in their wind speed estimates, Percentage of trees blown dawn (%)

differing by no more than one EF-scale level in all but the 1G. 9. Wind speed estimates via the Godfrey—Peterson metltid (s
smallest percentage .Of trees blo.W” do"‘.’”' Itis importan ine, Godfrey gnd Peterson 2017), the L0r>r/1bardo method édash
to note that the functions associated with the Lombardq ,ypardo et al. 2015), and the Karstens method (gray, Kassee
and KarSt_enS me?hOdS do not fall consistently within they. 2013) as a function of the percentage of trees blown downe
95% confidence interval given by the Godfrey and Pe-Godfrey and Peterson (2017) wind speed estimates are bastiw: o
terson (2017) approach, but this may be due to the mortsee population in the Great Smoky Mountains National Pahile
hardy tEees f%uﬁg in Joplin compare)zj with the shelteredhe Karstens et al. (2013) and Lombardo et al. (2015) wine@ces-

trees in southeastern forests. Given the functions show}jnaes are based on treefall in the 22 May 2011 Joplin, Metto.
he gray-shaded region denotes the 95% confidence intezsealdon

in Fig. 9, the authors remain confident that any .Of thesefhe Godfrey—Peterson method for each percentage of trees kdown.
three approaches would produce reasonable wind spe&te colored regions represent the wind speeds associatedash EF-
estimates based on the percentage of trees blown dowrscale level.
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FiG. 10. EF-scale ratings assigned to small 208 200 m subplots along the length of the Joplin tornado traakhe Godfrey—Peterson method.
The tornado traveled approximately from the west to the @ast left to right).

The Lombardo method produces a map of EF-the spatial characteristics of the wind field, with the max-
scale ratings shown via smoothed polygons, much likemum wind speeds following near the centerline of the
the polygons drawn in the NWS Damage Assessmentornado track and roughly coincident EF-scale estimates
Toolkit (Fig. 11). The highest rating for the Joplin tor- for the areas on either side of the track.
nado via this approach is EF4, which roughly coincides An appropriate comparison of wind speed estimates
with the swath of highest wind speeds estimated by thehould ideally include an estimate of the wind speeds
Godfrey—Peterson method. In contrast with the Godfrey-experienced on the ground obtained via some other
Peterson method, the Lombardo method provides continmethod. Fortunately, Marshall et al. (2012) conducted
uous ratings through the most damaging portion of thea detailed ground assessment along the entire Joplin tor-
tornado track, regardless of land use. nado track (Fig. 14), enabling a comparison of ground-

The Karstens method is applied here to a section ofruth EF-scale levels with the EF-scale levels from the
the damage path that coincides with the mature stagehree treefall-based wind speed estimation methods pre-
of the Joplin tornado (Karstens et al. 2013; Fig. 7) andsented here. Noting that Marshall et al. (2012) did not
EF-contours are based on the resulting best match béaclude the EFO contour (hence its conspicuous absence
tween the modeled and observed averaged cross-sectioimsFig. 14), it is clear that all three methods do an ex-
of treefall (Fig. 12). The highest rating for the Joplin cellent job of capturing the spatial character of the dam-
tornado via this approach is EF5 and coincides with theage. The Godfrey—Peterson method captures the spatial
swath of highest wind speeds estimated via the Godfrey~ariability exhibited by the observed damage, though it
Peterson and Lombardo methods. dramatically overestimates the area of EF5 damage for

Fig. 13 shows an overlay of the wind speed estimateseasons discussed above and in Godfrey and Peterson
for the Joplin tornado determined via all three methodq2017). In contrast, the Lombardo and Karstens methods
and is a composite of Figs. 10-12. Despite the very difeach produce overly-smoothed contours compared with
ferent methodological approaches, each method capturélse observations, but this is expected based on the nature
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FiG. 11. EF-scale ratings along a portion of the Joplin tornagcktvia the Lombardo method.
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FiG. 12. EF-scale ratings along a portion of the Joplin tornaacktvia the Karstens method.

of each procedure. The Karstens method also overestsects across the tornado track at the longitude of the
mates the wind speeds in the most damaging swath, buhdependently-derived maximum estimated wind speed
this is reasonable given that it is intended to provide theobtained via both the Godfrey—Peterson and the Lom-
peak wind speed. Indeed, the Karstens method does drardo methods (see Fig. 13 for the location of the west-
excellent job finding the peak wind speeds on either sideern transect). Note that the wind speed estimates from
of the centerline of the tornado, though the region of EF5the Karstens method are derived from the mean cross-
winds is perhaps too wide. section of treefall during the mature stage of the Joplin
Wind speed estimates along a north-to-south tran;o_rnado and can therefore.provid_e a valiq comparison
sect perpendicular to the path of the Joplin tornado cai!ith the other methods at this longitude. Given the gran-
provide a more direct comparison of the results fromUlarity of the Godfrey—Peterson method and the desire
each method. Fig. 15 shows wind speeds along tranto provide a representative picture of a transect derived
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FiG. 13. Comparison of EF-scale ratings along a portion of ti@iddornado track from the Godfrey—Peterson method (ealagrid cells), the
Lombardo method (colored lines), and the Karstens methladKlines with labels). The black dashed line is the cemerdf the tornado track
and the gray dashed line is the location of the western tcaisbewn in Fig. 15.
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FiG. 14. Damage map developed from a detailed ground assessfmeastly traditional EF-scale damage indicators follogvthe Joplin tornado.
Adapted from Marshall et al. (2012).
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