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ABSTRACT

Damage surveys in the aftermath of tornadoes occurring in the forested regions of the Mogollon Rim in
northern Arizona have been assessed using the enhanced Fujita scale (EF scale) damage indicator (DI) and
degree of damage (DOD) tables. These surveys often revealed different DODs within close proximity as well
as different spatial patterns and areal extent of tree damage exhibiting the same DOD, making the de-
termination of wind speed and EF-scale ratings challenging. A localized tornado outbreak occurred across
northern Arizona on 6 October 2010, producing at least 11 tornadoes and substantial areas of forest damage.
Remarkably, one of these tornadoes passed over a three-dimensional sonic anemometer. Wind data from this
sensor are compared with tree damage in the adjacent forest to assess the performance of the EF-scale metrics

for damage to trees.

1. Introduction

In recent years, there has been an enhanced effort to
conduct detailed damage surveys in the aftermath of
tornadoes in northern Arizona (Blanchard 2006). Most
of these surveys have taken place in the forested regions
of the Mogollon Rim (Fig. 1), an escarpment defining
the southwestern edge of the Colorado Plateau. The rim
ranges in elevation from approximately 2000 to 2500 m
(~6500 to 8000 ft) with a few mountainous locations
rising above 3500 m (~11 500 ft). Conifers are the
dominant type of vegetation, but stands of deciduous
trees can also be found.

Although detailed tornado damage surveys in forests
are a recent development in northern Arizona, damage
surveys and investigations in forests elsewhere have
a much longer history. Some of the earliest formal
studies were conducted in Europe by Wegener (1917)
and later by Letzmann (1923), who examined different
combinations of radial, tangential, and forward speeds
to develop schematic illustrations of several funda-
mental wind-field patterns. In this early work, Letzmann
suggested that when a tornado moved through a forest,
it produced a damage pattern that was related to the sum
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of vortex winds (radial V, and tangential V, velocities)
and forward speed (translational velocity Vi...s). The
pioneering results of Letzmann have been discussed at
length by Peterson (1992), Holland et al. (2006), Dotzek
et al. (2008), and Beck and Dotzek (2010).

Other studies examining the effects of tornadoes in
trees can be found in Hall and Brewer (1959), who in-
vestigated a cluster of tornadoes that struck forested
regions in west-central Wisconsin. They described a va-
riety of damage patterns and compared them with three
idealized flow models, which enabled them to account
for the different patterns exhibited in the damage paths.
Later, Budney (1965) used aerial photographs to pro-
duce drawings representing the types of treefall damage
patterns from a tornado in Pennsylvania. Fujita (1989)
presented an exceptionally detailed analysis of the ex-
tensive high-elevation forest damage produced by a se-
vere thunderstorm in Wyoming. He concluded that the
damage was caused both by tornadic vortices and mi-
croburst outflows based on patterns of treefall and other
damage indicators.

Peltola et al. (1997, 1999) developed mechanistic tree
models to predict the thresholds necessary to break the
stems of trees. This required different tree models for
different species. They found, for example, as crown size
grows with greater tree spacing, the wind force on the
tree increases and the critical wind speed for damage
decreases.
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FIG. 1. Map showing major geographic features over the state of AZ. The Mogollon
Rim is noted.

Holland et al. (2006) presented a quantitative physical
model to describe patterns of downed trees produced by
tornadic winds. Their model was based on a simple
Rankine vortex and a modified tree model designed by
Peltola et al. (1999). The resulting treefall patterns were
shown to depend on translational velocity, radial velocity,
and tree resistance. Dotzek et al. (2008) noted that the
computer results produced by Holland et al. (2006) sup-
ported the analytical hand-drawn analysis produced by
Letzmann (1923), as the underlying model was the same.

Bech et al. (2009) compared tree fall in a forest with
the results from a combined Rankine vortex model that
varied the rotational (i.e., both the tangential and radial)
and the translational components of the wind, the
ratio G,,x between the rotational and translational
components of the wind vector, and the deflection angle

a (the angle between the radial component vector and
total wind vector). Their methodology helped to confirm
the tornadic character of the damage, while discarding
microbursts as a cause, and gave a reasonable estimate
of vortex strength.

Beck and Dotzek (2010) also used a Letzmann-type
model for treefall patterns and concluded that the model
allows for ““a more accurate classification of tornado
intensity in comparison with the classification based on
pure damage analysis...” They further noted that an
advantage of the Letzmann-type model is its indepen-
dence of tree species and other tree parameters such
as those described by Peltola et al. (1997, 1999) and
Peterson (2003). Most importantly, they stated that the
damage pattern completely determines the wind field
and its intensity in the Letzmann model if the tornado

020z 1equiajdas 9z uo 3senb Aq Jpd* L "9¥000-2 L-P-JeM/y . 90S97/80v/2/8z/4pd-aloNe/yem/Bio-oos)awe s|eulnol//:diy woy papeojumoq



410 WEATHER AND FORECASTING

translation speed is known and an average critical ve-
locity for stem breakage is used. They noted, however,
that additional factors including slope and terrain might
influence the treefall pattern.

The inherent difficulties of performing a damage
survey were discussed by Doswell and Burgess (1988),
who pointed out that tornadoes that occur in open
country (or forests) often do not damage structures,
hence making a Fujita scale (Fujita and Pearson 1973)
rating more difficult. Similarly, Bech et al. (2009) noted
that while the newer enhanced Fujita scale (EF scale;
WSEC 2006) describes the effects on trees and vegeta-
tion in more detail than the original Fujita scale, it does
so much less precisely than for artificial structures.

It is evident that the research and observations of
damage to forests and trees by tornadoes has an exten-
sive history. Yet, the recently adopted EF scale has
a limited selection of damage indicators (DIs) and de-
grees of damage (DODs) from which to assess tornadic
tree damage and assign an EF-scale rating. Nor does it
consider treefall pattern even though it has played an
essential part of the analyses by Fujita (1989) and others.

The intent of this presentation is to examine and dis-
cuss the EF-scale DIs and DODs for assessing tree dam-
age in a forest during recent tornado events in northern
Arizona. As part of the discussion, damage surveys and
meteorological data from a localized tornado outbreak
that occurred across northern Arizona on 6 October 2010
and produced at least 11 tornadoes are examined. One
of these tornadoes—a long-track event that was 42 km
in pathlength—passed over a three-dimensional sonic
anemometer in its later stages. Wind data from this
sensor are compared with nearby tree damage to assess
the EF scale for damage to trees and whether modifi-
cations might be considered for forest damage.

2. Results of northern Arizona damage surveys

The more recent tornado damage surveys of the pri-
marily coniferous trees in northern Arizona were as-
sessed using EF-scale DI and DOD tables (WSEC
2006). Earlier surveys used the original F scale (Fujita
and Pearson 1973).

It was frequently observed that DODs 1 and 2 (DOD1:
small limbs broken, up to 1-in. diameter; DOD2: large
branches broken, 1-3-in. diameter) were rarely encoun-
tered without also having DOD3 and DOD4 present
(DOD3: trees uprooted; DOD4: trunks snapped); that is,
surveys were rarely able to find damage consisting of only
DOD1 and DOD2. Evidence of DODS (debarking of trees)
has not been found in these forest surveys. This is con-
sistent with the findings of Ladue and Ortega (2008), who
found little debarking in areas devoid of artificial structures.
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Equally challenging was that DOD3 and DOD4 were
often present in the same area and even side by side (i.e.,
within a few meters or less of each other), resulting in
some uncertainty in determining the appropriate DOD
and wind speed causing the damage. Both DOD3 and
DOD4, however, have expected wind speeds (EXP) that
are in the same EF rating (EF1); thus, this may have
little practical implication.

Consequently, in natural forests, we are likely limited
to DOD1-DOD#4 representing a range of EXP from
60 to 104 mi h™! (~27-46.5 m s™') and which corre-
sponds to sub-EF0 to upper-end EF1 storms. The EF
scale includes, in addition to the EXP, a lower bound
wind speed (LB) and upper bound wind speed (UB).
Including the full range from LB to UB for DOD1-
DOD4 corresponds to sub-EF0 to midrange EF2 events
[48-128 mi h™! (~21.5-57 m s~ 1)].

As currently implemented, there are no DODs in the
EF scale available for assessing EF4 or EF5 damage in
trees and EF3 is only available if debarking of trees
(DODS) is present. Beck and Dotzek (2010) noted that
while damaged objects provide an estimate of the lower
limit of wind speeds, inference of an upper limit of wind
speeds requires objects strong enough to remain un-
damaged by the storm. Peterson (2003) had previously
suggested that “‘the existing tree damage metrics are
overly simplistic, and that their application is likely to be
vague, and perhaps even misleading.”

Figure 2 shows a damage swath through a ponderosa
pine forest. This damage path, which occurred during
the morning hours of 14 October 2006, was ~15 km in
length, but rarely more than 25-50 m wide. In the
damage path are numerous trees with snapped trunks
and crowns (DOD4) at a variety of heights as well as
standing trees with removed branches (DOD1 and
DOD?2). Figure 3 shows a patchwork damage pattern
from the same event with snapped trunks (DOD4),
uprooted trees (DOD3), broken branches (DOD1 and
DOD?2), and undamaged trees all within a few tens of
meters of each other. Assigning a reasonable and ap-
propriate DOD is challenging and the result could be
a rating of anywhere from low-end EFO0 to upper-end
EF1. In these locations, the EXP for the most prevalent
DOD was used to assign a representative EF value.

When making an assessment, it is useful to recognize
that there may be only partial damage within the swath.
Surveys of northern Arizona tornado damage' have
revealed the extent of damage to typically range from

! Twelve surveyed damage paths were considered for this study:
21 February 2000 (1), 9 September 2003 (1), 4 September 2004 (1),
18 October 2005 (2), 14 October 2006 (1), and 6 October 2010 (6).
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FIG. 2. Portion of the damage path from the 14 Oct 2006 tornado
in northern AZ. Note the variation in damage, with trees with
snapped trunks next to uprooted trees and all in proximity to un-
damaged trees.

only a few percent of the trees up to about one-half of
the trees within the swath; most swaths exhibited dam-
age at the lower end of this range. By comparison, four
of the 6 October 2010 swaths included extensive areas of
nearly complete and total damage. The current im-
plementation of the EF scale does not provide a way to
distinguish tornado intensity using the extent or com-
pleteness of damage and relies, instead, on the presence
or absence of the various DODs.

An additional consideration in the assessment was the
larger-scale treefall pattern in many of the northern
Arizona surveys. Uprooted trees and snapped trunks
usually displayed an asymmetric damage pattern. Mod-
eling and analytic studies have noted that, for a given
vortex strength, as the forward speed increases, the
damage area moves to the right side® of the track and

2 This is for a Northern Hemisphere cyclonic vortex.
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FIG. 3. Portion of the damage path from the 14 Oct 2006 tornado
in northern AZ. Note the variation in damage to trees with snapped
trunks next to undamaged trees.

individual trees align increasingly in the direction of the
storm motion (Letzmann 1923; Hall and Brewer 1959;
Holland et al. 2006; Beck and Dotzek 2010). This is
a result of the additive speeds to the right of the vortex
(i.e., V, + V, + Vians) With subtractive speeds to the left
(V, + V, — Virans)- This suggests that some of the sur-
veyed tornado damage paths in northern Arizona may
be the result of a weak vortex (small V, + V) traveling
with a large translational speed (large Vians)-

Conversely, the 6 October 2010 damage swaths
showed much more symmetry over significant portions
of the path. These storms were moving at speeds of
~20 m s~ ', which is comparable to other recent cool-
season tornadoes in northern Arizona. Thus, the com-
bination of high translation speed and greater treefall
symmetry supports stronger vortex speeds (Letzmann
1923; Hall and Brewer 1959; Holland et al. 2006; Beck
and Dotzek 2010).

The EF scale only allows for the presence or absence
of the various DODs; there is no provision within the EF
scale to account for the treefall patterns even though
substantial research indicates its importance (Ladue and
Ortega 2008; Bech et al. 2009; Beck and Dotzek 2010).

From the preceding discussion it becomes a concern
that the EF-scale damage metrics for trees in forests may
be too simplistic: the degrees of damage are restricted to
too narrow a range, they ignore different tree species
(except hardwood versus softwood), pathlength-width
metrics are unused, and do not consider treefall pat-
terns. Tree damage from tornadoes can provide sub-
stantial information and evidence to determine a rating,
but most of this information is unused in the current
implementation of the EF scale. With these limitations,
the admonition of Beck and Dotzek (2010) that ““dam-
aged objects provide an estimate of the lower limit of the
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wind speed but the upper limit can remain unknown”’ is
relevant and a concern.

3. Analysis of the 6 October 2010 tornado outbreak
a. Synoptic and radar overview

Many of the recent tornadic weather events in
northern Arizona have exhibited similar synoptic and
thermodynamic characteristics. These similarities mo-
tivated an investigation of synoptic environments asso-
ciated with tornadoes in northern Arizona (Blanchard
2008). That analysis indicated that a substantial portion
of cool-season tornadoes® occurred during the approach
of an upper-level closed low embedded in the mid-
latitude westerlies with northern Arizona located in the
warm sector of the surface low. Additionally, the wind in
the lower troposphere exhibited a strong southerly
component, which likely was necessary for advecting
warm and, more importantly, moist subtropical air
northward across Arizona.

The upper-level low that impacted northern Ari-
zona during the overnight and early morning hours of
6 October 2010 exhibited these and other characteristics
described in Blanchard (2008). In addition to the strong
southerly flow in the lower troposphere, other important
meteorological features in this event were the large
vertical wind shear, strong deep-layer mean winds, low
convective inhibition, high relative humidity in the
boundary layer, and marginal buoyant instability. These
characteristics were also noted by Kis and Straka (2010)
in many nocturnal tornadoes in the central United
States. A detailed mesoscale and local storm en-
vironment analysis for this event is beyond the scope of
this paper. Rather, the focus here will be to discuss the
forest tree damage and the sonic anemometer wind data
within the context of the enhanced Fujita scale.

Radar data from the Flagstaff, Arizona (KFSX), WSR-
88D radar were collected continuously during the event
and the reflectivity and velocity data clearly illustrated
the structure of the numerous supercells that moved
across the area overnight and during the morning hours.

Figure 4 presents the maximum gate-to-gate differen-
tial velocity (AV) observed by the KFSX radar at the 0.5°
base tilt for three of the surveyed tornadoes. The tornado
labeled T1 moved across the area where the wind sen-
sor (discussed below) was located at ~1240 UTC.* The

3 Cool-season tornadoes (mid-September—-May) in northern
Arizona are more likely to be associated with supercell thunder-
storms than tornadoes occurring during the low-shear warm season
(June—early September).

* Local time (mountain standard time, MST) is UTC — 7.
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FIG. 4. Time series of the maximum gate-to-gate differential
velocity (AV,m s~ ') observed by the KFSX radar for T1 (thick gray
curve), T2 (black curve), and T3 (dashed curve). The thin black
vertical bar denotes the time of vortex passage over the sonic
anemometer.

results in Fig. 4 indicate that the maximum AV for T1
was decreasing from its peak values, which had occurred
a few volume scans earlier. Ground surveys in this por-
tion of the path indicated that tree damage was dimin-
ishing (i.e., both fewer trees damaged and gaps in the
path) but the degree of damage rating was unchanged
from what was experienced in the earlier portions of the
damage path (i.e., DOD3 and DOD4). Similar results
were found for T2 and T3.

b. Analysis of wind data

The School of Forestry at the Northern Arizona
University (NAU) in Flagstaff operates three data col-
lection sites in the nearby Coconino National Forest.
The goals of their long-term study are to understand the
impact of fire and tree thinning on ecosystem fluxes by
quantifying the CO,, H,O, and energy exchange be-
tween the forest and atmosphere. One site is located
in an unmanaged, undisturbed forest; a second lies
within an area with selective thinning of trees; and the
third site—and the one impacted by the tornado—Ilies
within a 10 500-ha area burned by a high-intensity,
stand-replacing wildfire (Hochderffer/Horseshoe Fire
Complex) in 1996. The ground surface of the third site
is covered with sparse grasses, shrubs, and woody de-
bris, along with stands of surviving trees (Dore et al.
2008, 2010).
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Each site included a 3D sonic anemometer (CSAT3;
Campbell Scientific, Logan, Utah).” The eddy covari-
ance system was positioned at a height of 2.5 m above
the ground at the burn site. Data were recorded at 20 Hz
by a datalogger and were averaged over 30-min intervals
by the on-site equipment. In addition, the full-resolution
20-Hz raw data were postprocessed in the laboratory
(Dore et al. 2008, 2010).

The CSAT3is an ultrasonic anemometer for measuring
wind speed in three dimensions. The full-scale wind for
the instrument is rated at +65.535 m s~ '. The accuracy is
stated to have an offset error less than +0.004 m s~ and
a gain error of between *2% and *6% for speeds less
than 30 m s~ '. No error analysis has been conducted for
higher speeds (Campbell Scientific 2012).

The tornado (T1) passed over the instrumented site in
the burn area at ~1240 UTC (Fig. 5). The instrument
package survived the short-lived but intense winds. A
second tornado (T2) passed less than %2 km to the west of
the instrumented site at ~1345 UTC. The two damage
paths briefly approached each other near the wind site,
then separated again. While the first tornado produced
significant winds at the CSAT3 site, the second tornado
was too distant to have any discernable influence on the
winds.

Because this instrumentation is part of a long-term
monitoring study, it was not possible to remove it from
the field for a postevent calibration. Additionally, two
problems were encountered with the wind data from the
CSATS3. A brief data gap of 1.6 s (1240:30.10-1240:31.70
UTC) occurred during the transit of the tornadic vortex
past the instrumented tower. This was the result of the
acquisition software flagging the data quality (e.g., data
spikes) and no data were recorded during this interval
(S. Dore 2012, personal communication). The second
problem was that the u,-wind component briefly ex-
ceeded the maximum value of 65.535 m s~ '. No such
problem occurred with either the u,- or u,-wind com-
ponents. Consequently, there is a combined 3-s period
when the true maximum wind speeds are unknown and
likely underestimated. While disappointing that the
complete details of the wind remain unknown, the data
that are good during the ~4-5-s vortex passage reveal
remarkable information and can still be used for a quali-
tative comparison of wind speed and EF-scale ratings.

The horizontal wind speeds are shown in Fig. 6 for
the period 1230-1300 UTC. The 20-Hz winds have

> Disclaimer: The National Oceanic and Atmospheric Admin-
istration/National Weather Service (NOAA/NWS) does not
approve, recommend, or endorse any proprietary product or
proprietary material mentioned in this publication.
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FIG. 5. Map of the damage paths from a few of the major tor-
nadoes on 6 Oct 2010. Tornadoes discussed in the text are labeled
T1, T2, and T3. KFLG is Flagstaff Pulliam Airport, KFGZ is the
NWS office in Flagstaff, and NAU is the site of the Northern
Arizona University sonic anemometer. Background map shows the
major terrain features.

been filtered using a moving average to produce 1-s
winds. Prior to the passage of the vortex at 1240 UTC,
wind speeds were generally 3-5m s~ '. For the few
minutes prior to passage, there was a gradual increase
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FIG. 6. Horizontal wind speed (m s ') from 1230 to 1300 UTC

recorded by the NAU CSAT3 sonic anemometer. Horizontal tick

marks every 1 min; vertical tick marks every 2 m s .

to about 6-10 m s~ '. During passage of the tornadic
vortex, peak 1-s winds were greater than 70 m s~ ', then
decreased quickly but remained slightly elevated
compared to the prevortex environment.

Full-resolution (20 Hz) u,-, u,-, and u.-wind components
for the 8-s period from 1240:25 to 1240:33 UTC are shown
in Fig. 7. The u, component peaked at the instrument
maximum value of 65.535 ms ' at ~1240:29 UTC
while both u, and u, remained well within instrument
bounds. A gap from the discarded data appears from
1240:30.10 through 1240:31.70 UTC. As winds increased
and wind direction began to veer from the south-south-
east to south-southwest, there was descending motion
(i.e., negative values of u,) with magnitudes of almost
20 m s~ '. This descending motion could be either a rear-
flank downdraft (Markowski 2002) or an axial downdraft
(Wakimoto et al. 2012; Wurman and Gill 2000). This
downward motion quickly reversed, becoming strong
ascending motion with magnitudes approaching
30 m s~ '. This occurred as the u, wind changed from
a negative value (easterly wind component) to a posi-
tive value (westerly wind component), suggesting vortex
passage. After the data gap, there was still upward ver-
tical motion on the order of 20 m s~ ' before it rapidly
diminished to near zero.

The maximum 1-s wind was 72 m s~ ' (161 mi h™ !,
midrange EF3) while the maximum 3-s wind was sub-
stantially lower at 51 m s~ ' (115 mi h™ ', low-end EF2).
These were based on the moving mean; the 1-s and 3-s
moving median resulted in similar values (Table 1). The
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FI1G. 7. Wind components recorded by the NAU CSAT3 sonic
anemometer. Data are missing from approximately 1240:30.05 to
1240:31.70 UTC. Vertical axis tick marks every 5 m s '; horizontal
tick marks every 0.2 s.

instantaneous peak wind observed during the event was
83 ms ' (185 mi h™!, midrange EF4). However, this
speed is likely an underestimate because the u,-wind
component was truncated at the instrument maximum
value. Note, also, in Fig. 7 that the duration of the entire
event was on the order of 4-5s. It is a reasonable
question whether the 3-s wind used by the enhanced
Fujita scale (WSEC 2006) is the appropriate metric for
a short-duration event such as this.® In fact, Doswell
et al. (2009) noted that “no one has conducted any ex-
periments to determine the relationship between dura-
tion of the wind and the damage produced....”

Because the sonic anemometer was placed in a location
that suffered substantial tree loss in a major wildfire, there
were no live trees closer than a few hundred meters.’

° D. Speheger (2011, personal communication) asked the same
question after viewing an Oklahoma tornado in the spring of 2011.
He noted “The tornado was probably 20-30 yards wide and the
angular momentum and vertical motion were among the most in-
tense I have witnessed. Any damage-based intensity estimate will
likely be underrated given the very short dwell time at any location
and any time averaging (even the 3s wind speed estimates of the EF
scale) will be significantly lower than the near-instantaneous wind
speeds at any point in space with such a small, dynamic tornado.”

7 Although no live trees were left standing in the vicinity of the
sonic anemometer (35.4454°, —111.77184°), there were several
dead snags that were toppled. These were used to determine the
path and most probable vortex center. Using this information, it
was likely that the vortex center passed with a few tens of meters of
the instrument.
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TABLE 1. Wind speeds (m s~ ') recorded at the NAU CSATS3 sonic anemometer site for various averaging periods. Time is from
1240:27.00 to 1240:32.70 UTC. The hours and minutes have been omitted and only the seconds are shown. Data are missing from

1240:30.05 to 12:40:31.70 UTC.

Time Min Max Mean Median Averaging period (s) Comments
27.00-28.00 16.9 45.8 39.5 29.2 1
27.50-28.50 14.1 54.2 322 29.5 1
28.00-29.00 14.1 832 534 529 1
28.50-29.50 46.3 832 70.5 72.8 1 u, > 65.535
29.00-30.00 65.7 772 70.4 69.8 1 u, > 65.535
31.75-32.70 27.7 67.8 444 39.3 1 u, > 65.535
25.00-28.00 16.9 45.8 29.7 29.4 3
26.00-29.00 14.1 83.2 36.5 30.0 3
27.00-30.00 14.1 832 512 529 3 u, > 65.535

Damage to the nearby live trees using DI28 (softwood)
(WSEC 2006) was DOD3/DOD4, but was only partial
in extent and affected much less than half of the trees.
EXP ratings for DOD3/DOD4 support EF1 winds [87-
104 mi h™' (~39-46.5 m s~ ')], which is considerably
lower than the measured winds. The UB ratings support
low-end EF2 winds [113-128 mi h™' (~50.5-57 m s~ )],
which reflect better consistency with the 3-s winds, but not
for the 1-s or instantaneous winds. It should also be noted
that the winds at the instrument site were taken at 2.5 m
while the EF scale is based on 10-m winds. It is unknown
what the relationship might be between 2.5- and 10-m
winds for this event.

Furthermore, damage to the south of the wind site,
while still DOD3/DOD4, was more widespread with
larger path width and approaching 100% damage, as
well as a more symmetric treefall pattern (Fig. 8). The
results of Letzmann (1923), Bech et al. (2009), and Beck
and Dotzek (2010) would suggest larger Vr + V, in the
locations with greater symmetry.

¢. Analysis of treefall pattern

A portion of the damage track from T2 (Fig. 9) in-
dicates that in this location nearly 100% of the trees
sustained DOD3/DOD4 damage. With a vector map-
ping of the tree fall and a Letzmann-type model, an it-
erative set of experiments could be run to determine the
rotational speeds of the vortex using the methodology
described by Beck and Dotzek (2010). First, Vizans 1S
determined using storm propagation as a proxy for the
tornado. Next, downed trees with ¢y = 0° and ¢ = 180°
(fall angle with respect to the direction of translation)
are identified. The values of G,.x and « can be quantified
from the number of convergence and divergence lines
in the damage swath. The model is iteratively run by
varying the initial estimates of Gax, @, and R, (ra-
dius of maximum winds) until the agreement between
the simulated and observed treefall patterns is maxi-
mized (Beck and Dotzek 2010). This technique allows

one to then determine V, and V,, and to establish an
equivalent EF scale to the damage (Bech et al. 2009;
Beck and Dotzek 2010).

No analytical model was available for the work pre-
sented here; however, it is reasonable to expect that the
application of this method to the treefall vectors in Fig. 9
would result in a different—and higher—wind speed
than would the treefall patterns in Figs. 2 and 3, even
though both tornadoes produced DOD3/DOD4 dam-
age. This is based on a subjective comparison of the
treefall vectors and the various patterns for Gy,.x and «
shown by Letzmann (1923, his Fig. 47) and Beck and
Dotzek (2010, their Fig. 4).

Comparison of treefall vectors with these schematics
is difficult, however, because of the limited values for
Gmax and « from which to choose. Therefore, it might be
useful for future damage surveys if a Letzmann-type
model could be run for a range of G,.x and « to develop
a catalog of damage patterns to which the results of
a survey could be compared.

FI1G. 8. Aerial photograph looking to the north at a location south
of Bellemont, AZ. Both damage paths are from long-track torna-
does. Both exhibited DOD3 and DOD4 damage along their entire
lengths. [Photograph courtesy of B. Klimowski, NOAA/NWS.]
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FIG. 9. Aerial photograph showing downed trees in the T2
damage path. Vectors are aligned with individual treefall patterns,
allowing a comparison with the schematics developed by Letzmann
(1923) and others.

4. Discussion

The results presented here provide a brief examina-
tion of some of the potential limitations in the recently
adopted enhanced Fujita wind damage scale. In that
scale there currently exist 27 damage indicators (DI)
for constructed buildings and structures, but only 2 for
trees. Furthermore, the 27 DIs for buildings typically
have greater granularity with more degrees of damage
(DODs) covering a larger range of wind speeds than
those for trees.

Recent surveys of tornado damage across northern
Arizona and elsewhere have suggested that the EF scale
for evaluating damage may be overly simplistic in forests
and for trees. It is anticipated, however, that as addi-
tional surveys are completed here and elsewhere for
tornado damage in forests, that the granularity of DODs
can be increased to more accurately portray the damage
and assess the EF rating.

A localized tornado outbreak across northern Ari-
zona on 6 October 2010 resulted in at least 11 tornadoes
with two long-track events (42 and 50 km). Comparison
of these damage paths with those from previous torna-
does resulted in essentially the same degrees of damage
(DOD3, uprooted trees; DOD4, snapped tree trunks)
occurring along the damage paths, suggesting the same
EF rating. In fact, there were considerable differences in
the damage ranging from the percentage of trees dam-
aged within the path (i.e., the extent of damage), the
pathlength and width, and the treefall patterns within
the damage path. The results of Letzmann (1923), Bech
et al. (2009), Dotzek et al. (2008), Beck and Dotzek
(2010), and Brooks (2004) would suggest that these
might have different EF ratings.

It is remarkable that one of the long-track tornadoes
from the outbreak passed over a sonic anemometer that
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recorded u,-, u,-, and u_-wind components at 20 Hz.
These data dramatically revealed the rapid increase in
both horizontal and vertical wind components as the
vortex approached and passed over the observation site.
Combining the 20-Hz winds into 1- and 3-s mean winds
allowed a comparison between the measured winds at
the site and the EF-scale DODs from the nearby tree
damage. Examination of the winds and damage suggest
the following:

o Comparisons of wind with damage suggest 3-s winds
and the EF rating may be too low for the expected
(EXP) value but show better consistency with the
upper bound (UB).

o The 3-s average wind used for the EF rating may be
too long a period for some tornadoes.

o Damage upwind of the sonic anemometer site was
much greater in path width, exhibited greater extent of
damage, and showed more symmetry in the damage,
suggesting the vortex was stronger even though it
produced the same DOD3 and DOD4 damage.

o Tree damage indicated the tornado might have been
weakening (i.e., diminishing percentage of trees dam-
aged in the swath, less symmetry) when it hit the
anemometer site, suggesting the winds recorded at the
site might be considered to be a lower range of winds
for this type of damage.

o Tornado T2 produced an even more extreme damage
pattern, but was also only rated as DOD3 and DODA4.

The enhanced Fujita scale was an effort on the part of
many scientists and engineers to provide a better means
of assessing the probable wind speed of a tornado or
straight-line winds based on the damage to buildings,
structures, or trees. The initial version of the EF scale
has accomplished this for buildings and structures, but
additional work is warranted on how to interpret dam-
age to trees and forests. We look forward to future dis-
cussions on this interesting topic.
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