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Abstract. In this study, residential building damage states observed from a post-tornado damage survey in
Joplin after a 2011 EF 5 tornado were used to reconstruct the near-surface wind field. It was based on
well-studied relationships between Degrees of Damage (DOD) of building and wind speeds in the Enhanced
Fujita (EF) scale. A total of 4,166 one- or two-family residences (FR12) located in the study area were
selected and their DODs were recorded. Then, the wind speeds were estimated with the EF scale. The peak
wind speed profile estimated from damage of buildings was used to fit a translating analytical vortex model.
Agreement between simulated peak wind speeds and observed damages confirms the feasibility of using
post-tornado damage surveys for reconstructing the near-surface wind field. In addition to peak wind speeds,
the model can create the time history of wind speed and direction at any given point, offering opportunity to
better understand tornado parameters and wind field structures. Future work could extend the method to
tornadoes of different characteristics and therefore improve model’s generalizability.

Keywords: tornadoes; near-surface wind field; Rankine vortex model; Enhanced Fujita scale; degree of
damage; post-tornado damage survey; residential buildings

1. Introduction

Characterization and quantification of near-surface wind fields of tornadoes are important for
risk analysis, structural design, and public safety as wind speeds vary significantly in both spatial
and time domains. Lack of sufficient direct observations continues to persist as tornadoes are
relatively rare, short-lived, small in coverage area, difficult to forecast, and often possess violent
destructive forces (Mehta 2013, Wurman et al. 2013). To overcome these challenges, a somewhat
idealized process is often adopted for modelling tornado wind field (Davies-Jones et al. 2001,
Doswell 111 and Burgess 1993, Lewellen and Lewellen 2007).

There are three general categories of methods employed to model tornado structures, i.e.,
theoretical, experimental, and empirical methods. Theoretical methods use mathematical
representations of physical relationships to describe the vortex structure as derived from
Navier-Stokes equations. With results from tornado generators, experimental methods transfer
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uncontrolled phenomena into controllable laboratory models to attain a better understanding of the
dynamics of flow structures and wind fields. In comparison, empirical methods create tornado
wind fields based on in situ measurement, radar observations, or post-storm damage survey.

Integrating theoretical and empirical methods, this study is aimed at reconstructing a
near-surface wind field by fitting a simplified translating analytical vortex model with
post-tornado damage survey data collected from Joplin, MO tornado of 2011. It makes the use of
well-studied relationships between degrees of damage of buildings and wind speeds in the
Enhanced Fujita (EF) scale. Furthermore, wind field parameters are estimated from statistical
methods rather than subjective evaluations, which usually suffer from human biases, allowing the
new method to be applied to and replicated in other events. Since the major objective of this study
is to develop a robust method for using post-tornado damage surveys to reconstruct near-surface
wind field, only a section of an EF 5 tornado with relatively homogenous characteristics was
examined. Future studies could extend to tornadoes with varied attributes.

The remaining of the paper is organized as follows: Section 1 reviews previous literature on
tornado vortex models, past efforts in tornado observation, and various wind field modeling
methods. Section 2 introduces the methodology, datasets, and statistical methods. The results of
this study are presented in Section 3 and discussed in Section 4. Finally, Section 5 includes
conclusions and comments on future work.

1.1 Tornado vortex model

For engineering applications, the Rankine vortex model and many of its variants are frequently
used to characterize tornado structures. The Rankine vortex model assumes radial symmetry for a
steady vortex in a viscous fluid (Rankine 1882). Under a cylindrical coordinate system (r, 6, z), the
vortex is divided into two regions: a forced vortex in its central core with tangential velocity
linearly proportional to the radial distance and a free vortex surrounded the core with tangential
velocity inversely proportional to the radial distance. The maximal tangential velocity appears on
the interface of those two. The other velocity components (radial and vertical) are set identically to
zero. The formulas for the velocity components of any point from the radial distance r to the
vortex center are given by

V=0 @)
Ve=Veomarz—  When0 <7 < Remax )
Ve = Vimax Rn:ax whenr > Rimax 3)
V=0 (4)

where V, is the radial wind velocity, V, is the vertical wind velocity, V. is the tangential wind
velocity, Vimax IS the maximum tangential wind velocity, r is the radial distance from the vortex
center, and Rynax is radius of the maximum tangential wind velocity.

Since the Rankine vortex model considers only the circumferential component of wind velocity,
Letzmann, as well as other researchers (e.g., Zrnic et al., Brown and Wood, Potvin et al.) extended
this model by describing the axisymmetric radial flow in the same way as it did for axisymmetric
tangential flow to model the divergent/convergent areas of the horizontal flow field (Brown and
Wood 1991, Peterson 1992, Potvin et al. 2009, Zrnic et al. 1985), as shown in the Egs. (5) and (6).
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V= Vrmaxﬁ when 0 <1 < Rymax ®)

erax

whenr > Rymax (6)

Ve = Vimax

where Ve IS defined as the maximum radial velocity at its core radius Rypax.
The combined velocity profile of a more generalized Rankine vortex model can be given by

r

Ve = Vimax when 0 <7 < Rypmay (7
RrmaxP
Ve = Vimax (T) whenr > Rypmax (8)
Vt = Vtmax ﬁ When 0 S Tr S Rtmax (9)
B
Ve = Vemax (F22)° whent > Rymax (10)
V=0 (11)
where B is the decay coefficient. The earlier Rankine model is a special case of this model where

B=1.

In reality, the angular momentum outside the core radius is unlikely to be constant and then 3
could be a number other than 1. According to the field measurement, p might be around 0.5 - 0.8,
or even 0.2 - 0.6 in some cases (Kosiba and Wurman 2010, Kosiba et al. 2008, Mallen et al. 2005,
Wurman and Alexander 2005, Wurman and Gill 2000).

Moreover, researchers have modified the original Rankine vortex model by altering
assumptions or constraints on parameters. For example, the Burgers-Rott vortex model addressed
the unrealistic assumption of zero values for vertical and radial components of wind velocity in the
Rankine vortex model and reflected the effect of eddy viscosity. Hence tangential velocity has a
rounded maximum at the core radius rather than cusp at its core radius as in the Rankine model
(Burgers 1948, Rott 1958). Thus, the Burgers-Rott model is deemed more realistic (Wood and
Brown 2011).The Sullivan vortex model is a more complex model and can capture phenomenon
such as the two-celled vortex, which could not be explained by the previous two models (Sullivan
1959). More recently, Wood and White (2011) presented a new parametric model by including five
key parameters in the tangential velocity profile: maximum tangential wind, radius of maximum
tangential wind, and three power-law exponents that shape different parts of the wind speed profile.
Nevertheless, the Rankine vortex model is easy to implement and thus has been frequently adopted
by engineering applications in spite of its over-simplification of the dynamics.

1.2 Empirical models and post-tornado damage survey

Empirical models are based on observations, which could come from in situ measurement,
Doppler radar and post-tornado damage survey. The closer the instruments are located to tornado,
the better the measurements are to describe the temporally and spatially variances among the
tangential, vertical and radial wind components as well as the translation speed of the tornado.
However, reliable in situ measurement of the wind near the ground is extremely difficult to obtain
because of risks presented by intense winds and striking debris (Karstens et al. 2010, Wurman et al.
2013). Thus, the majority of empirical models are based on radar observations and post-storm
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damage surveys.

The use of radars in observing tornadoes dates back to 1950s as an effective and safe way for
wind data collection. At its early stage, researchers used traditional stationary meteorological
radars to discover tornado structures and estimate wind speeds. However, the limitations of the
fixed-location meteorological radars are noticeable. Most tornadoes occur far away from stations
and thus are hard to measure as radar beams spread and deviate from the surface of the earth.
Moreover, the spatial resolution of the traditional Doppler radar is too low to resolve uniquely the
different portions of the tornado flow, and the temporal resolution restricted by scanning strategies
of the radar is too limited to sample physical processes over the timescale of seconds to minutes
(Davies-Jones et al. 2001, Wurman et al. 2010, 1997).

To obtain high resolution observations of tornado vortices, Bluestein et al. (1995) installed a
mobile 3-mm-wavelength pulsed Doppler radar on a van and observed severe convective storms in
the Southern Plains during 1993 and 1994, while Wurman (1997) constructed a portable,
pencil-beam, pulsed, 3-cm wavelength Doppler radar called the Doppler on Wheels (DOW) and
successfully measured several tornadoes. With those high resolution mobile radar systems, a large
volume of data have been collected and the understanding of the tornado wind field has been
enriched (e.g., Bluestein et al. 2003, Burgess et al. 2002, Kosiba and Wurman 2010, Kosiba et al.
2008, Lee and Wurman 2005, Tanamachi et al. 2007, Wurman and Alexander 2005, Wurman and
Gill 2000). Furthermore, comparing the DOW measurements with corresponding WSR-88D
measurement, Toth et al. (2013) developed a linear regression model to estimate the low level
tornadic wind speeds from WSR-88D.

However, mobile Doppler radar generally cannot measure speeds of wind lower than 20 - 30 m
above ground level (AGL) because of ground clutter contamination (Lewellen and Zimmerman
2008, Wurman et al. 2007). To solve this problem, Wurman et al. examined the relationship of
tornado winds above and below 30 m AGL by combining in situ measurements and DOW
measurements from several cases (Wurman et al. 2013, 2007). From that, Wurman et al. (2007)
further developed a Rankine vortex-based axisymmetric wind field model constrained by DOW
data and estimated damage of several major cities from simulated tornadoes.

According to Doswell 111 et al. (2009), only about 20 tornadoes have been observed every year
by mobile Doppler radar compared to over 1,000 tornado occurrences in the United States. It is
due to the unpredictable nature of tornadoes and relative limited resources available. Moreover, for
hazard analysis, tornado intensity at the ground level is essential because typical residential
buildings are below 30 m AGL where even mobile Doppler radar cannot sense with ground
contamination.

Since damage from the tornado has a strong correlation with wind speed, post-tornado damage
surveys have been proposed to infer the near-surface tornado wind field. For example, researchers
have reconstructed the wind field from forest damage by matching observed tree damage patterns
with simulated tree damage patterns (Bech et al. 2009, Beck and Dotzek 2010, Holland et al. 2006,
Karstens et al. 2013, NIST 2013). Their work usually includes three key parts: a translating
Rankine vortex model, tree fall model, and forest damage pattern. Similarly, damage patterns of
buildings contain useful information and can be used to reconstruct near-surface wind fields.

However, a residential building, a very common damage indicator in Enhanced Fujita scale (EF
scale) and a type of building that receives most attention from academia and industry, has rarely
been used to reconstruct wind field. The idea to estimate wind speed in a tornado from the damage
of buildings was proposed by Fujita who developed the Fujita scale (F scale) to classify the
tornado intensity (Fujita 1981, 1971). To overcome the problems associated with F scale, such as a
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shortage of damage indicators, ignorance of construction quality and variability, and overestimates
of wind speeds, the EF scale was adopted for damage survey in 2007. The EF scale has 28 damage
indicators (Dls) and corresponding degrees of damage (DODs) (WISE 2006). For each DOD, it
lists the wind speeds that could cause the damage, which include expected wind speed, lower
bound wind speed, and upper bound wind speed. During a tornado, each damage indicator can act
like an anemometer that records the wind speeds it experienced. After collecting a large amount of
Dls in different locations within a tornado swath from the post-tornado damage survey and
estimating the wind speeds based on EF scale, the wind field can be reconstructed.

As there was no direct near-surface wind speed measurement available during the Joplin
Tornado (NIST 2013), this study investigates the damage pattern of residential buildings from the
post-tornado damage survey and rebuilds the near-surface wind environment. The results are
compared to those of other studies that have utilized forest damage pattern analysis on the same
area.

2. Methodology
2.1 Data collection and processing

On May 22, 2011, an EF 5 tornado occurred in Joplin, Missouri, USA and resulted in extensive
building damage, 158 fatalities and over 1,000 injuries. The Joplin tornado is the costliest and the
7th deadliest tornado in U.S. history, with the maximum wind speed estimated to be more than 322
km hr* (200 mph). The track length was estimated at 35.6 km (22.1 miles), and the width was 1.2
km to 1.6 km (3/4 to 1 miles) (NWS 2011).

Six days after the Joplin tornado, a damage assessment team from the National Wind Institute
(NWI) of Texas Tech University (TTU) was deployed. It spent four days traveling over 138 km
within affected areas and recorded 14 hours of high-definition ground level video with two
GPS-enabled video cameras for over 6,000 buildings.

(a) Buildings (labeled with DOD) included in the (b) A subset of Joplin damage swath (the region

ground survey across the tornado path as within the red square in (a)) and distribution of
determined by the National Weather Service FR12 around the center line (blue line)
(NWS 2011)

Fig. 1 Distribution of buildings from the post-tornado damage survey
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The method of data collection and processing adopted in this study followed a similar
methodology as previous studies done by the researchers from NWI (Brown et al. 2012, McMillan
et al. 2008, Womble et al. 2006). Totally, there were 50,435 images extracted from the video,
covering 6,579 buildings. Based on that, the wind damage states of all those buildings were
manually assessed according to the Degree of Damage (DOD) in the EF scale (WISE 2006). Fig. 1
(a) shows the geographic distribution of the 6,579 buildings (labeled with DOD) included in the
ground survey in the GIS database, along with the tornado path ratings determined by the National
Weather Service (NWS).

For this study, a subset of Joplin tornado track was selected and 4,166 one- or two- family
residences (FR12) buildings located in this area were used for the damage indicators and their
DOD recorded, as shown in Fig. 1(b). There were two reasons to choose this subset. Firstly, in this
region, the tornado reached its mature stage and made a large area of severe damage, Secondly, a
huge amount of FR12 buildings in this area had been surveyed, which provided more stable and
reliable measures of wind characters.

2.2 Wind speed estimation

Estimating wind speeds from the damage state of residence structures could be a complex
process when structural design, construction material, and aging, previous exposure to severe
events and duration of high winds, and other factors are considered. Therefore, the assumption was
made that the damage of a building was primarily caused by the peak wind speed of tornado it
experienced. In this way, the peak wind speed experienced by every FR12 was estimated from its
DOD by using the corresponding expected wind speed in the EF scale, as shown in Table 1.

In the EF scale, there is no instruction on how to estimate the wind speed for an undamaged
building, i.e., DOD=0, under the tornado wind environment. In this study, for buildings without
any visual damage, the expected wind speed was set as 17.88 m s™ (40 mph), which was estimated
from wind speeds outside the damage area measured by the Joplin ASOS station (NIST 2013).

Fig. 2 Observed damage pattern (the map was rotated so that the tornado moved due north and bins were
constructed from the center line (blue line) of tornado track at a 100 m interval)
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Table 1 Degree of Damage (DOD) and associated wind speeds for one-and two-family residences (FR12)

(WISE 2006)

DOD Damage Description Expected Lower bound Upper bound

wind speed*  wind speed* wind speed*
(mph) (mph) (mph)

1 Threshold of visible damage 65 53 80

2 Loss of roof covering material (<20%), 79 63 97
gutters and/or awning; loss of vinyl or
metal siding

3 Broken glass in windows and doors 96 79 114

4 Uplift of roof deck and loss of significant 97 81 116
roof covering material (>20%); collapse
of chimney; garage doors collapse inward
or outward; failure of porch or carport

5 Entire house shifts of foundation 121 103 141

6 Large sections of roof structure removed; 122 104 142
most walls remain standing

7 Exterior walls collapse 132 113 153

8 Most walls collapsed in bottom floor, 152 127 178
except small interior rooms

9 All walls collapsed 170 142 198

10 Destruction of engineered and/or 200 165 220
well-constructed residence; slab swept
clean

* The wind speeds shown in this table are 3-second gust speeds in mph

Due to the complex structure of a tornado, a significant degree of spatial variability in wind
speed distribution should be expected. Therefore, a spatial averaging method was adopted to
construct bins from the center line of the tornado track outward at a 100 m interval. To make a
direct comparison between the peak wind speed profile estimated from the observations with the
peak wind fields produced by the vortex simulations, the map (Fig. 1(b)) was rotated
counterclockwise so that the tornado moved due north, as shown in Fig. 2. The average peak wind
speed and the standard deviation in each bin were calculated. Those estimates were later used to
calibrate parameters of the wind field model.

2.3 Vortex simulation and peak wind field reconstruction

A combined Rankine vortex model was used to simulate a steady tornado structure as shown in
Egs. (7)-(11). To simplify the model, it was assumed that the radius of maximum radial velocity is
the same as the radius of maximum tangential velocity, i.e., Rimax= Rtmax-

Then, to simulate the storm’s forward motion, a translational velocity (V) was added to the
radial and tangential velocity components. The peak wind field is constructed by recording the
peak wind speeds at every grid point in the model.

In the translating Rankine vortex model, there were five main parameters, i.e., the radius of
maximum radial/tangential velocity R, the maximum tangential wind velocity Vimx the
maximum radial wind velocity V max, the decay coefficient B and the translational velocity V. The
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translational velocity of the tornado V was set as 11 m s™ based on radar observation provided by
the NWS (Karstens et al. 2013). The other four parameters were estimated based on the
goodness-of-fit between the peak wind field model and observations.

An exhaustive search algorithm was designed to construct possible wind fields with different
combinations of the above four parameters (Rmax, Vimax» Vimax B). For each combination, a vortex
model was run through the study area, which has both length and width of 3000 m, from grid point
(0, -150) to grid point (0, 150) with a northern translational velocity 11 m s™. Meanwhile, the peak
wind speed of every grid point was recorded and saved. In total, 408,000 peak wind fields were
reconstructed.

To avoid under-sampling, the model used a grid spacing of 10 m and time step of 0.5 s, which
was less than the threshold of time step given by Beck and Dotzek (2010) (Threshold = grid
spacing/V, = 10m/11m s* = 0.9 s).

2.4 Model fitting and selection

In this study, the observed and predicted peak wind speeds for each of bins were compared.
Three indicators of goodness-of-fit were used for the selection of the best parameter estimation
(i.e., the best fit model). They were coefficient of variation of the Root Mean Squared Deviation
(CV(RMSD)), Pearson correlation coefficient (r), and the x* goodness-of-fit test. RMSD measures
the differences between the predicted values and the actual observed values, and is computed as
the root of the mean of the squared deviation between actual observed values and values predicted
by the fitted model. CV(RMSD) is a dimensionless number, which is defined as the ratio of the
RMSD to the average of the observed values. It is calculated as follows

CV (RMSD) =

RIVI_SD _ (12)

0
where mj is the model mean for bin i, o; is the observed mean for each bin i, k is the total number
of bins, and 0 is the mean of the observed values.

Pearson correlation coefficient reflects the strength of a linear relationship and thus measures
the similarity in relative trend magnitudes of the observed data and the fitted model. The
goodness-of-fit tests the null hypothesis that the observed data are consistent with the model
distribution.

The best-fit model is the one with a smaller CV(RMSD), higher r, and the one for which x>
goodness-of-fit test fails to reject the null hypothesis (Schunn and Wallach 2005).

3. Results

Fig. 3 shows a reasonable agreement between the peak wind speed profile produced by the
best-fit model and those estimated from observed building damage. It has the smallest CV(RMSD)
(0.06) among 408,000 possible cases and a relatively higher r (0.99). In addition, for the y°
goodness-of-fit test, the null hypothesis failed to be rejected with p-value great than the 5%
significant level.
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Fig. 3 Comparison of peak wind speeds between the best-fit model and the post-tornado damage survey

In this best-fit model, the core radius R is estimated to be 220 m, the maximum tangential
wind velocity Vi is estimated to be 18 m s™, the maximum radial wind velocity Vma is
estimated to be 58 m s, and the decay coefficient B is estimated to be 0.7. Fig. 4(a) shows an
example of the instantaneous wind field obtained from a translating Rankine vortex with those
parameters, and Fig. 4(b) shows the peak wind field from the best-fit model with peak wind speed
and direction on a 100 m by 100 m grid. It is noteworthy that the maximum wind speed is offset
from the center line due to the effects of translation which increased the wind speeds on the right
side and decreased the wind speeds on the left side of the vortex center by adding a northern
uniform translational component to the radial and tangential velocity components of the vortex.

Vr=58m/s, Vt=18m/s, Vs=11m/s, Rmax=220m

1500 70 1500

1000 60 1000

-1000 - - N 30
2] N

-1500 N
-1500 -
-1500 -1000 -500 0 500 1000 1500 -1500 -1000 -500 0 500 1000 1500

(&) An example of the instantaneous wind field

obtained from a translating Rankine vortex (b) The peak wind field from the best-fit model

Fig. 4 Wind field simulation from a Rankine vortex model with a northern uniform component
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Fig. 5 Time histories of wind speeds and directions of (0,0) and (4,0) from the best-fit model

Furthermore, two points were selected as examples to illustrate time history of wind speed and
direction. The first one, grid point (0, 0), is located in the center of the study area and would be the
tornado eye if there is no translational velocity. The second one, grid point (4, 0), is where the peak
wind speed has the maximum value among all the points on the same horizontal line. The time
histories of wind speeds and directions of those two points are shown in Fig. 5. Both points
contain two wind speed peaks about 40 seconds apart as well as one sharp drop in wind speeds
between these two peaks that corresponds to the arrival and passing of the tornado eye. Meanwhile,
wind direction also changed dramatically as the tornado eye is approaching and leaving (the wind
direction was measured clockwise from north).

4. Discussion

This study attempts to reconstruct the near-surface wind field based on building damage states
observed from a field survey in Joplin after the 2011 EF 5 tornado. It’s found that the peak wind
field produced by a simplified translating analytical vortex model agrees reasonably well with the
observed damaged pattern, suggesting the validity of the method being used.

By matching observed tree damage patterns with simulated forest damage, Karstens et al.
(2013) and NIST (2013) reconstructed the near-surface wind field of the Joplin tornado separately.
One difference between these two studies is their adopted tree-fall models; the other is about their
methods to find the best matched model, i.e., NIST (2013) used full factorial design, main- and
interaction-effects plots to determine the effects of input parameters’ variation on output
parameters and narrow the ranges of parameters, whereas Karstens et al. (2013) relied on
subjective evaluation to match the observed tree-fall pattern with simulated patterns.

Table 2 shows the comparison of parameters and outputs estimated by those three translating
Rankine vortices in the best-fitting models.

For the best-fit model, the core radius was estimated to be 220 m by this study, closer to the
estimate of NIST (2013), but much smaller than the subjective estimate from the remote sensing
imagery by Karstens et al. (2013). Comparing to Karstens et al. (2013), the values of wind
velocity components Vimax and V max in this study are smaller. NIST (2013) didn’t report its Vimax
and Vmax but presented the values of o and Gy, Which was related t0 Vmax, Vimax and Vs. Given the
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values of these parameters, the values of a and Gnay could then be calculated for Karstens et al.
(2013) as well as this study. It shows that the values of this study are relatively consistent with the
values reported by NIST (2013). For the decay coefficient 3, Karstens et al. (2013) adopted the
model with =1, whereas the value estimated by NIST (2013) was between 0.6 and 0.7 from the
effect analysis, which is consistent with the 0.7 of this study. Finally, Karstens et al. (2013)
presented a highest maximum wind speed, whereas the other two studies reached smaller expected
maximum wind speed with uncertainty ranges.

The relatively large discrepancy in the maximum wind speed estimates of those three studies is
possibly associated with the different methods in searching for the best-fit model. Karstens et al.
(2013) chose their best-fit model by subjectively evaluating the similarity between the simulated
and observed tree-fall patterns. The accuracy of subjective evaluation is always a concern because
of potential biases introduced by individuals who conduct the evaluation. In contrast, this study
uses statistical methods and thus minimizes the potential human biases associated with manually
selecting and evaluating model parameters. Furthermore, Karstens et al. (2013) only presented one
value of the maximum wind speed, whereas NIST (2013) and this study estimated intervals for the
maximum wind speed, which are more desirable than a single value because they take into
consideration uncertainties of tornado wind field caused by factors such as complex topographic
effects and climate conditions. In addition, the estimated maximum wind speed from Karsten et al.
(2013) fell in the range of EF 5 tornado, whereas the expected maximum wind speeds from NIST
(2013) and this study are less than the lower bound of EF 5, which seem to underestimate the
event. However, a closer emanation showed that this was not the case. Actually, according to the
EF scale (WISE 2006), the intensity of a tornado event is rated based on the highest rated DIs
found in the damage area. It means that within an EF 5 tornado track, some areas could be rated as
EF 5 and others may be rated with less intensity. Fig. 4(b) shows clearly that even for the bin that
is closest to the central line, only some buildings experienced the degree of damage that
corresponded to EF 5 wind force due to randomness intrinsic in the tornado process. Therefore, the
average EF scale for that bin is lower than EF 5. Since both intervals estimated by NIST (2013)
and this study partially overlapped with the range of EF 5 wind speeds, the fact that the expected
maximum wind speeds from those two studies did not reach EF 5 just reflects that EF scale is rated
based only on the highest rated DI in the damage area.

Table 2 Comparison of parameters and outputs of the best-fit models for the 2011 Joplin Tornado

Karstens et al. (2013) NIST (2013) This Study
RMW (m) 300.00 258.00 220.00
Vimax (M s™) 43.00 - 18.00
Vimax(M s™) 86.00 - 58.00
o (degree)* 26.57 15.00 - 25.00 17.24
Gmax™ 8.74 4.50 - 5.00 5.52
B 1.00 0.60-0.70 0.70
Maximum wind
speed (ms™) 104 78.23 + 15.65 71.18 + 22.72

* a is the angle between the radial velocity and the circular velocity, the latter is the vector sum of the radial
velocity and the tangential velocity; Gpx is the ratio between the maximum circular velocity and the
translational velocity (NIST 2013)
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One advantage of using building damages to reconstruct the near-surface wind field is that
buildings usually are less vulnerable to wind than other Dls are and thus can indicate higher wind
speeds. For example, among all Dls used by the EF scale, the one- or two-family residence (FR12)
is one of those that can indicate the highest expected wind speed (89.41 m s™). Other Dls, like the
tree used by previous studies, can only indicate expected wind speed as high as 62.59 m s™.
Consequently, buildings are more suitable for reconstruction of violent tornado wind field than
other DlIs. Furthermore, buildings are places where people live and work. The damages to
buildings carry more direct social and economic consequences and thus attracted wide public
attention and research interests. Accordingly, the study of wind field in the area of buildings is
more important and presents greater opportunities to understand how natural hazards interact with
built environment and eventually affect the resilience to hazards. Moreover, since many more
studies have been conducted about buildings than trees, there is greater potential to applying the
latest findings on the relationship of building damage and wind speed to refine wind fields.

Some limitations should be noted along with the contributions. Comprehensive sensitivity
analysis has yet to be conducted to ensure that parameters were robust and not sensitive to
different estimations of damage. Furthermore, in this study, only one factor (i.e., the peak wind
speed) was considered in the model for causing building damage while in fact during the time
histories of tornado wind speed and direction, the effect of rapid changes in wind speed and
direction, surrounding buildings, surface roughness, and building attributes (e.g., quality,
orientation, style, and building material), etc. are known to affect wind loading and structural
performance (Haan et al. 2010, Kopp and Morrison 2010, Lewellen and Zimmerman 2008, Zhang
and Sarkar, 2009). While those factors are not modeled separately, their influences could be
implicitly captured by the uncertainty in wind speed estimation as the peak wind speed is deemed
as the dominant factor.

Relationships between DODs and wind speeds in the EF scale is important to the findings of
this study and could affect the accuracy of wind speed estimation. Two sources of biases may be
introduced during the wind speed estimation.

One is related to the development of EF scale. According to the EF scale report (WISE 2006),
the estimation of wind speeds associated with DODs is based on expert elicitation. It is a
subjective evaluation of wind speeds (Mehta 2013). There are two major problems with this
method. Firstly, as mentioned above, wind speed is only one of the many factors that cause the
structure damage and EF scale integrates all the factors into a single factor (i.e., peak wind speed).
Consequently, the estimated wind speeds from expert elicitation may deviate from the actual wind
speeds. Secondly, since direct and reliable measurements of near ground tornado wind speed were
rare at the time when the report was delivered, experts’ elicitation was very likely to be based on
their experiences on wind damage from straight-line winds or hurricanes, which have different
mechanisms of wind loads from those of tornadoes (Haan et al. 2010, Simiu and Scanlan 1996).
Thus, more credible and reliable estimation of the wind speed is desired.

The second source of biases appears in the practical use of EF scale. Investigators do not
always agree with each other on the level of DOD for the same building because of their
differences in experiences, backgrounds, and study focus etc. (Edwards et al. 2013, NIST 2013). In
addition, the quality of buildings affects the relationship between DOD and wind speeds, which is
addressed by EF scale with a range of wind speeds for each DOD, i.e., low bound, expected, and
upper bound of estimated wind speeds. However, for this particular study, only the expected wind
speed for a certain DOD is used because of the lack of access to information of building quality.
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5. Conclusions

The post-tornado survey of buildings can provide the most accurate information on the degree
of damage, which has direct connection with the wind speed those buildings experienced.
Particularly when radar observations cannot measure wind lower than 20 — 30 m AGL, this method
can advance our knowledge about near-surface wind field.

In spite of its simplicity, the analytical method developed in this study can produce a reasonable
estimation of the near-surface wind field consistent with the degree of damage of buildings
observed from a post-tornado damage survey. The resulting model not only helps better understand
the dynamics of near-surface tornado structure on both temporal and spatial scales, but also
provides useful information for engineering and safety purposes. Furthermore, findings from this
study can also be incorporated in catastrophe modelling of future tornado risks on the built
environment and public health. Overall, the methods and findings of this study will contribute to
emergency management, building codes, and insurance and risk modeling.

It is noteworthy that the major purpose of this study is to examine how post-tornado damage
surveys could be better used to reconstruct near-surface wind field. Thus, only a subset of an EF 5
tornado with relatively homogenous characteristics was modeled. In the future, this study could be
expanded to examine the effectiveness of this method when applied to other types of tornadoes
(e.g., larger, smaller, strong, or weaker tornadoes). More data could be collected and analyzed,
resulting in generalized models for tornadoes with varied intensities and other attributions.

One area of future work is to explore the use of remote-sensing based damage survey to
reconstruct the near-surface wind field. A limitation about the post-tornado ground-based damage
survey is that it could only cover those buildings that could be accessible at the time of data
collection and would miss the buildings where the roads were damaged or blocked. Therefore, bias
is always a concern because a representative sample is hard to reach. Moreover, ground-based
survey is always time-consuming and expensive to carry out. Remote-sensing based damage
survey could address those problems. It could be a rapid way to reconstruct the wind field after the
relationship of remote-sensing damage scale and ground level damage scale is well studied
(Brown et al. 2012, Luo et al. 2014).

Another area of future research involves the wind speed estimation from DODs in the EF scale.
In this case, methods of wind speed estimation that are relatively more objective than expert
elicitation are needed to validate and establish the credibility and reliability of the EF scale wind
speeds. To find the relationships between tornado wind speeds and DODs of buildings, one
method mentioned by the EF scale report (but not adopted due to time and budget limitations) is to
use a load/resistance approach to estimate damage to a structure (WISE 2006). Furthermore,
simulations could be used to establish more reliable statistical relationships between building
damage states and wind speeds. This is also the methodology adopted by HAZUS-MH Hurricane
(Vickery et al. 2006). This method relies on a great deal of laboratory test data and involves many
assumptions to build idealized models for limited types of structures. Another method is to
combine in situ observations or mobile Doppler radar measurement with traditional damage-based
survey. In situ observations and mobile radar, particularly those that transmit at a high frequency
(e.g., the Texas Tech Ka-band radars), could be used to measure wind and reconstruct wind field.
Field surveys could provide DOD of buildings within the study area. Then the relationships
between wind speeds and damage states of buildings could be established. Through a large number
of observations combining various damage states and wind speeds, the interactions of complex
wind fields in space and time with different characteristics of structures would be observed and the
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uncertainties in structures and tornadoes can be addressed. With statistical models, the
relationships between wind speeds and DOD of buildings could be better estimated by controlling
other factors that influence the damage.
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