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ABSTRACT

The increasing number of mobile Doppler radars used in field campaigns across the central United States

has led to an increasing number of high-resolution radar datasets of strong tornadoes. There are more than

a few instances in which the radar-measured radial velocities substantially exceed the estimated wind speeds

associated with the enhanced Fujita (EF) scale rating assigned to a particular tornado. It is imperative,

however, to understand what the radar data represent if one wants to compare radar observations to damage-

based EF-scale estimates. A violent tornado observed by the rapid-scan, X-band, polarimetric mobile radar

(RaXPol) on 31 May 2013 contained radar-relative radial velocities exceeding 135m s21 in rural areas es-

sentially devoid of structures from which damage ratings can be made. This case, along with others, serves as

an excellent example of some of the complications that arise when comparing radar-estimated velocities with

the criteria established in the EF scale. In addition, it is shown that data from polarimetric radars should

reduce the variance of radar-relative radial velocity estimates within the debris field compared to data from

single-polarization radars. Polarimetric radars can also be used to retrieve differential velocity, large mag-

nitudes of which are spatially associated with large spectrum widths inside the polarimetric tornado debris

signature in several datasets of intense tornadoes sampled by RaXPol.

1. Introduction

Radar has been a useful technology for the remote

sensing of the atmosphere, particularly in areas that are

hazardous or incompatible with in situ measurement

platforms. Mobile radars seem to be particularly well

suited for the observation of tornadoes owing to their

ability to maximize spatial resolution (by reducing the

distance between radar and tornado), and they can

typically provide greater volumetric coverage near the

ground compared to the coverage provided by most

nonmobile radar systems (which typically sample tor-

nadoes at greater ranges owing to their nonmobile na-

ture). In the past decade, the number of mobile radars

available for research has increased significantly; such

platforms include the rapid-scan, X-band, polarimetric

radar (RaXPol; Pazmany et al. 2013); the Mobile

Weather Radar 2005 X-band phased-array radar

(MWR-05XP; Bluestein et al. 2010); the Doppler on

Wheels radars (DOWs; Wurman et al. 1997); the Na-

tionalOceanic andAtmosphericAdministration (NOAA)

X-band polarimetric radar (NOXP or XERES; Melnikov

et al. 2009); the Texas Tech University Ka-band radars

(TTU-Ka;Weiss et al. 2011); and theMobile,Alabama,X-

band radar (MAX; Asefi-Najafabady et al. 2010). Rather

uniquely, the antennas on RaXPol and MWR05XP are

mounted on pedestals that can rotate up to 1808 s21,

producing a 3608 sweep every 2 s; this increased tem-

poral resolution is extremely useful when probing tor-

nadoes and other rapidly changing phenomena.

The enhanced Fujita scale (EF scale;WSEC 2006) was

developed to allow for more precise, accurate, and

consistent assessments of tornado damage by expanding

upon the original Fujita scale (Fujita 1981). Since there

are wind speeds associated with the EF scale, damage

assessors use the relevant damage indicators (DIs) and

degree of damage (DoD) levels to arrive at an EF-scale
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category and, typically, an estimate of maximum wind

speed. These ratings have been used for the study of

tornado climatology across the United States and the

correlation of environmental parameters with the oc-

currence of tornadoes of particular intensity (e.g., Kerr

and Darkow 1996; Brooks and Doswell 2001; Brooks

et al. 2003; Thompson et al. 2003, 2007; Brooks 2004;

Mead and Thompson 2011; Garner 2012); the EF scale

ratings are of interest to meteorologists as well as to

those in many other industries (e.g., Womble and Smith

2009; Womble et al. 2009, 2011; Thampi et al. 2011;

Kuligowski et al. 2013). For a general discussion on the

history, development, advantages, and limitations of the

EF scale, readers are referred to Doswell et al. (2009)

and Edwards et al. (2013).

Since there are wind speeds provided with each cat-

egory, it is tempting to use directly radial velocity1 VR

data from high-resolution mobile radars in tornado in-

tensity assessment. In fact, the EF-scale documents note

that ‘‘portable Doppler radar should also be a part of

theEF-scale process, either as a directmeasurement, when

available, or as a means of validating the wind speeds

estimated by experts’’ (WSEC 2006, p. 14). In addition,

the EF-scale rating for a tornado ‘‘should represent an

estimate of the highest wind speed that occurred during

the life cycle of the tornado’’ (WSEC 2006, p. 12). As-

sessing damage in the field can be extremely difficult,

even if there are a sufficient number and ‘‘type’’ of DIs

to allow one to estimate the maximum winds that oc-

curred; for themore intense tornadoes, there may not be

adequate DIs to assess confidently an upper bound to

the estimated wind speed (e.g., Kuligowski et al. 2013).

Since there often may be limited or no damage from

tornadoes in rural areas relative to more populated lo-

cales, the frequency of violent tornadoes within tornado

climatology is likely underrepresented. In a comparison

between the Fujita- (F-) and EF-scale ratings deter-

mined by mobile radar observations and those assigned

by damage assessment for more than 50 tornadoes pro-

duced by supercells across the central United States over

a ;10-yr period, Alexander and Wurman (2008) found

that the official F- and EF-scale ratings determined

by damage assessments often were lower than those

that would be assigned based upon the wind speeds

(within 500m of the ground) observed by radar; themode

of the radar-determined EF-scale ratings of the tor-

nadoes examined was EF2, whereas the mode of the

ratings for the same tornadoes in the official database

was EF0.

The damage produced by a particular tornado is not

solely a function of the maximum wind speeds. The

duration, variability, and full three-dimensional struc-

ture of winds of a particular magnitude, as well as debris

loading (e.g., Gong et al. 2006; Lewellen et al. 2008), can

modify the amount of damage produced by a tornado

(e.g., Federal Emergency Management Agency 2012;

Kuligowski et al. 2013). In an examination of visual, in

situ, and radar observations of a tornado that occurred

in Wyoming in 2009, Wurman et al. (2013) noted that

very similar structures failed at significantly different

wind speeds. The expert elicitation process by which

wind speeds were estimated for a large variety of DoDs

for each DI (and, therefore, by which damage to a par-

ticular DI was assigned an EF-scale rating) included

participation by some of the leading experts in tornado

damage assessment. However, estimating wind speeds

necessary to produce certain damage can be extremely

difficult since there are many complexities that may not

havemuch to do with the actual speed, which can lead to

great uncertainty in the damage–wind speed relation-

ship. For example, the expected values provided by the

expert panel for DoD 9 for the ‘‘institutional building’’

DI ranged from 120 to 230mi h21 (EF2–EF5; 53.6–

102m s21). The expert-provided expected values for

other DoDs for other DIs spanned multiple EF-scale

categories as well. Again, the widely varying estimates

were produced by some of the leading experts in the

field, so the spread in some of the wind estimates for

some DoDs and DIs is indicative of the high uncertainty

that accompanies relating damage to a 10-m AGL, 3-s-

average wind speed used in the EF scale.

This paper highlights some ways in which VR from

radars may over- or underestimate EF-scale-equivalent

wind speeds. This paper is not an examination of the

implementation of the EF scale or policies regarding the

use of the EF scale by an organization.At this time, there

are still a limited number of high-resolution radar da-

tasets of violent (EF4 and EF5) tornadoes, but that

number is increasing, and a recent tornado that affected

El Reno, Oklahoma, on 31 May 2013 and sampled by

several high-resolution mobile radars [including the

DOWs (Wurman et al. 2014) and RaXPol] provides an

excellent example of the difficulties involved in relating

1The term ‘‘radial velocity’’ as used in radar observations of

tornadoes can be ambiguous unless a reference frame is specified.

For example, although radial velocity is often used by the radar

community to describe the motion of scatterers toward or away

from the radar, the speed of the radial component of the flowwithin

a quasi-axisymmetric tornado is also commonly referred to as ra-

dial velocity. Throughout this paper, any mention of radial velocity

is intended to refer to the motion toward or away from the radar,

unless otherwise explicitly specified. Winds in a tornado-relative

reference frame are usually described in a cyclindrical coordinate

system, and the tornado-relative radial velocity is herein referred

to as u in keeping with precedent (e.g., Rotunno 1979; Fiedler and

Rotunno 1986).
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radar-retrieved wind speeds and the EF scale. Several

examples of intense tornadoes sampled by RaXPol in

2011 and 2013 are presented as well; these cases are

currently being analyzed in more detail and will be

presented in later papers.

Given the considerations pertinent to the relationship

between radar data and the EF scale, it is also important

to address potential errors in the calculation of VR. Al-

though such errors are discussed elsewhere (e.g., Doviak

and Zrni�c 1993, hereafter DZ93), lesser attention has

been provided to a couple of unique advantages of po-

larimetric radars. The impact of debris within tornadoes

on the statistical accuracy of VR measurements from

high-resolution mobile radars has been discussed rela-

tively little in the formal literature, although the effect of

debris in broadening the Doppler spectrum has been

discussed insofar as it concerns lower-resolution obser-

vations from fixed-location radars. The purposes of this

paper are to 1) review themeaning of aVRmeasurement

relative to a 3-s, 10m AGL wind speed standard,

2) discuss special considerations that must be made

when comparing radar observations to such a standard,

3) present some observations of intense tornadoes ob-

served at close range collected by RaXPol in 2011 and

2013, 4) examine the use of polarimetric velocity esti-

mates within the debris cloud, and 5) evaluate the use of

radar-relative differential radial velocity (VD; the dif-

ference between VR calculated separately using data

from two orthogonally polarized beams). We hope this

paper is useful to operational meteorologists and others

who are involved in tornado rating assessments.

2. Radar observations and the ‘‘enhanced Fujita
scale’’

a. What the observations represent

It is useful to reiterate what the commonly used VR

data from Doppler radars actually represent. The VR

estimates fromweather radars represent the reflectivity-

weighted average velocity of all scatterers within a res-

olution volume during a given integration period (i.e.,

dwell time) toward or away from the radar. Each of the

five subsections discuss the relationship they have with

the standard EF-scale wind speeds (i.e., 3-s wind gust

at 10m AGL) will be noted.

1) VR ESTIMATES

The calculation of VR for a given radar volume is

based upon a finite number of samples and often re-

quires assumptions to be made about the shape and

distribution of the received power spectrum. A method

of calculating VR based upon the change in received

phase between consecutive pulses [i.e., pulse-pair pro-

cessing (PPP)] is used by RaXPol and many other

weather radars; the accuracy of the estimate using this

technique is sensitive to, among other things, the num-

ber of samples available, the independence of each

sample (often related to the spectrum width sy), and the

signal-to-noise ratio (SNR). More discussion of some

factors that affect the quality of the estimate is provided

in section 4.

2) REFLECTIVITY-WEIGHTED AVERAGE

VELOCITY

Measurements of VR will be biased toward the largest

and most abundant scatterers within the resolution

volume. Unfortunately, the particular distribution (size,

number, and type) of scatterers within a radar volume is

unknown in nearly all cases. However, since there can be

very large accelerations in strong tornadoes, the varying

density, shape, and mass of hydrometeors and debris,

and thus differing drag characteristics, within a resolu-

tion volume may result in scatterer velocities that de-

viate significantly from the local air velocities owing to

such effects as centrifuging and gravitational sedimen-

tation (e.g., Lewellen et al. 2008). Simulating the effects

of debris on tornado characteristics using a numerical

model, Lewellen et al. (2008) reported that the differ-

ence between air velocity and the velocity of simulated

debris (sand) was largest for the largest simulated sand

sizes (2mm). In addition, the peak debris velocities

within the tornadoes were lower than the peak air ve-

locities, although the deviation of the local debris ve-

locity from the local air velocity varied in time and space

and by debris characteristics (e.g., the outward-directed

radial component of the debris can appreciably exceed

that of the air near the upper-core region owing to debris

centrifuging). Although the specific difference between

scatterer velocity and air velocity in any given tornado is

unknown, it is reasonable to suggest that, at least above

the very shallow tornado inflow layer, the peak air ve-

locities within a tornado will exceed the peak velocity of

scatterers; the peak magnitude of VR measured by radar

is likely to be lower than the peak VR if only the air

motion were sampled.

3) WITHIN A RESOLUTION VOLUME

Although some characteristics of radar systems can be

modified to allow for increased spatial resolution (e.g.,

decreasing the pulse length), the illuminated radar vol-

ume produced by current mobile radars becomes larger

with increasing range (on account of beam spreading)

and typically is 60–300m in the radial direction (corre-

sponding to a range resolution of 30–150m). At a range

of 5 km, the resolution volume produced from a parabolic
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antenna with a 18 3-dB (half-power) beamwidth2 has a

horizontal cross section of approximately 87m, which in-

creases to ;260 and ;525m at ranges of 15 and 30km,

respectively. For a pulse with a 30-m range resolution,

neglecting areas beyond the half-power beamwidth, the

resolution volume is approximately 1.8 3 105, 1.6 3 106,

and 6.5 3 106m3 in size at 5-, 15-, and 30-km range, re-

spectively. The actual peak wind speeds within this res-

olution volume may substantially exceed the ‘mean’

velocity of scatterers within the resolution volume as

a result of what may be a large radar volume. This can

become more complicated if the distribution of scat-

terers within a resolution volume is not homogeneous or

random; one cannot then assume that the measured VR

is valid for the resolution volume symmetric about the

beam center if there are significant gradients in scat-

terers within a resolution volume. For example, non-

homogeneous scatterer distributions may be correlated

with nonhomogeneous air velocity distributions

(Lewellen et al. 2008). Regardless, the scatterers most

influencing VR may be located appreciably away from

beam center (i.e., either nearer to or farther from

ground level). In all cases, the resolution volume is many

times larger than ‘‘infinitesimally small,’’ and this spatial

averaging is likely to contribute to VR being lower than

the EF-scale-equivalent wind speeds.

4) DURING A GIVEN INTEGRATION PERIOD

Most radars used for studying severe convective

storms and tornadoes in the United States are pulsed

radars in which a series of pulses are averaged over

a given dwell time to calculate the radar quantities. The

statistical accuracy of the measurements tends to in-

crease with increasing dwell time (i.e., more samples are

used to calculate common radar quantities and enhance

the estimates). Techniques such as frequency hopping,

which is used in RaXPol, can reduce the dwell time by

decreasing the correlation between subsequent pulse

groups, so that the antenna rotation rate and effective

azimuthal resolution can be increased. In the rapid-scan

cases collected by RaXPol, radials are calculated every

18 in azimuth, which, when the pedestal is rotating at

1808 s21, means that the samples used to calculate radar

quantities for a given radial are collected over a ;5.6 3
1023 s period; the VR data are essentially ‘‘instantaneous’’

observations. Since the EF-scale wind speeds pertain to 3-s

wind gusts, the extremely short integration period used

by most weather radars is likely to lead to VR data that

are higher than EF-scale-equivalent winds. In addition,

the dwell time and antenna rotation rate determine the

additional reduction in azimuthal resolution that occurs;

the effective beamwidth accounts for antenna rotation

during the integration period and is;28 when an antenna
with a 18 3-dB beamwidth is rotated 18 during the in-

tegration period. As such, the ‘‘effective’’ resolution vol-

ume is considerably larger than a pulse resolution volume.

5) TOWARD OR AWAY FROM THE RADAR

Traditional Doppler weather radars are only able to

measure the component of the flow toward or away from

the radar; the radar cannot measure the cross-beam

component (i.e., in azimuth or in the vertical). The flow

around and within tornadoes can be extremely complex

and asymmetric. In addition, high-resolution tornado-

scale simulations [e.g., Lewellen et al. (2002); Xia et al.

(2003); Lewellen and Lewellen (2007)] suggest that the

vertical velocity within tornadoes may be extremely

high and may exceed the horizontal velocity at times; if

the elevation angle is not 08, there will be a contribution
within the measured VR from the vertical velocity. This

may be problematic because the EF scale primarily

considers only the horizontal wind. The ability of

structures and other DIs to withstand forces associated

with winds of a particular intensity may be significantly

modified if the velocity vector has a substantial vertical

component. The ‘‘radial component only’’ nature of VR

estimates from Doppler radars has an unknown effect

on the applicability of VR data to EF-scale-equivalent

winds.

b. Considerations

Owing to the need to maintain some pulse-to-pulse

signal correlation (necessary to calculate VR), the gen-

eral desire to maximize unambiguous range, minimize

second-trip contamination, and maximize the speed of

data collection, the maximum unambiguous velocity Va

for a given scanning strategy in an X-band radar may be

much lower than the peakVR within a tornado. Velocity

dealiasing or ‘‘unfolding’’ is necessary in such cases.

There may be extremely large gradients in VR within

tornadoes for typical dimensions of the resolution vol-

ume, so dealiasing can, at times, be described as an ‘‘art.’’

In general, the strategy is to make dealiasing-related de-

cisions that minimize the amount of high-frequency,

along-radial divergence–convergence; additional tem-

poral and spatial continuity checks are often warranted.

While a staggered pulse repetition time (staggered PRT)

strategy can increase Va several fold, the subsequent

increase in the variance of VR increases the probability

2 The 3-dB (down) beamwidth is the angular width of the radar

beam in which the power density is no less than 3 dB reduced from

its peak value within the main lobe. Likewise, the 10-dB beam-

width is determined by the angular width at which the power

density within the main lobe is 10 dB down from its peak.
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that erroneously high VR will be calculated. For most

RaXPol datasets, a single PRT was used, although

staggered PRT was used on several days. In the latter

cases, the VR from the staggered PRT are used to help

dealias the lower-variance VR estimates from one of the

individual pulse-pair estimates.

Additional data quality checksmay be performed. For

example, the power-based RaXPol measurements are

thresholded on SNR , 0 dB. Normalized coherent

power (NCP) is inversely proportional to sy
3 and has

been used to remove VR estimates at range gates for

which coherency is questionable (e.g., Wurman et al.

2007); VR presented in this paper include gates only for

which NCP . 0.2. To increase consistency between ob-

servations collected by different mobile radars and re-

ported in the formal literature, it is beneficial to develop

a standard by which observations can be reported and

compared between radars as the number of tornado da-

tasets increases. Such relevant datamay include estimated

beam volume dimensions, estimated beam height above

radar level, any signal quality thresholds applied (e.g.,

based upon NCP and SNR), the number of samples and

the equations/methods used to calculate the moments,

the SNR of the reported range gates, and any additional

postprocessing that may have been applied to the data.

Whereas the wind speeds assigned to each EF-scale

category are valid at 10m AGL, radar observations

generally come from considerably above 10m AGL.

The exact height of the centerline of the radar beam is

almost always unknown since the exact profile of at-

mospheric refractivity is unknown. In addition, partial

beam blockage downradial of ground clutter targets can

be a significant problem for mobile radars since the

mounting height of the antenna above ground is limited.

The detrimental effect of ground clutter on near-surface

radar observations is prominent in areas in which there

aremany trees or structures. In all cases, the shape of the

radar-illuminated volume may be modified by ground

clutter, adding to the complexity of estimating the height

and location of the scatterers being sampled.

The above considerationsmay account for some of the

differences between observed near-surface tornadic

flow patterns determined from theoretical and labora-

tory studies and those inferred from radar observations

of tornadoes, and these differences likely are indications

that part of the flow within tornadoes is not being sam-

pled sufficiently by radars. In general, modeling results

[e.g., see Rotunno (2013) for a review of tornado-scale

modeling and theory] and photographic observations

[e.g., treefall patterns—Beck andDotzek (2010);Karstens

et al. (2013); Fig. 1] indicate that there can be very

strong tornado-relative radial flow (i.e., high magnitude

of u) within the tornado inflow layer near the ground,

and numerical simulations generally indicate that the

peak in tornado-relative tangential wind speeds occurs

above the peak u in the tornado inflow layer (e.g.,

Lewellen et al. 2008). There are an extremely limited

number of radar datasets, however, that capture sub-

stantial tornado-relative radial convergence within the

tornado boundary layer (e.g., Kosiba andWurman 2013);

the vast majority of radar observations of tornadoes

show tornado-relative azimuthal flow dominating radial

flow. There are likely at least two reasons for the lack of

observed radial convergence in most radar datasets of

tornadoes: the tornado inflow layer may be very shallow

[e.g.,,15m AGL in Kosiba and Wurman (2013);,10m

AGL in the simulations presented in Lewellen et al.

(2008)] and significant debris centrifuging may bias radar

observations (e.g., Bluestein et al. 1993; Dowell et al.

2005; Wakimoto et al. 2012; Nolan 2013).

With beam spreading and partial beam blockage from

ground clutter, illuminated volumes produced by most

weather radars typically encompass a large area above

the shallow near-surface tornado inflow layer when the

radar is more than a couple of kilometers from the tor-

nado. To mitigate this problem, radars often need to be

very close to tornadoes with limited ground clutter be-

tween the tornado and radar. A radar with a much

narrower beamwidth, such as the University of Massa-

chusetts (UMass) W-band radar (e.g., Bluestein and

Pazmany 2000; Bluestein et al. 2007b) or TTU-Ka

(Weiss et al. 2011), or a pulsed Doppler lidar such as

the Truck-Mounted Wind-Observing Lidar Facility

(TWOLF; Bluestein et al. 2014), can be used to observe

flow very near the ground, which alleviates some of the

ground clutter problems. However, a lidar typically

cannot collect data through precipitation, condensed

water vapor (e.g., tornado condensation funnels), tor-

nado debris/dust, and other visually opaque media, and

W-band and Ka-band radars are more susceptible than

X-band radars to severe attenuation, reducing the prob-

ability of sampling a tornado in its full horizontal extent.

Considering the difficulties in collecting near-ground

observations, there are only a limited number of data-

sets fromwhich comparisons betweenVRmeasurements

and near-ground (,10m) observations can be made.

Bluestein et al. (2007b; see their Fig. 15), presenting

near-ground observations from a W-band radar, found

that wind speeds decreased approximately 20% from

;20m AGL to ‘‘near the ground.’’ Wurman et al.

(2013), using in situ anemometer observations collo-

cated beneath high-resolution observations collected by

3Equation (6.27) in DZ93 is used to calculate sy from RaXPol

data.
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a DOW mobile radar, concluded that the most intense

winds observed during the time of collocated data col-

lection within a 2009 Wyoming tornado likely occurred

below 30m AGL, similar to the data presented in

Wurman and Alexander (2005) that reveal peak winds

with a different tornado occurred ,50m AGL. Kosiba

and Wurman (2013) showed that peak winds occurred

;5m AGL within a tornado observed by a DOW in

Kansas in 2012. Wurman et al. (2007) showed that the

vertical profile of wind speeds in two tornadoes ob-

served at close range were inconsistent and quite un-

steady below 100mAGL. In nearly all of these cases, the

winds observed above 50m AGL were not greater than

(and, in some cases, were appreciably lower than) winds

that weremeasured very near the ground (,10mAGL).

As such, although there are significant questions about

what radar measurements collected above 50m AGL

may reveal about 10m AGL winds relevant to the EF

scale, observations, limited as they may be, along with

theory and numerical simulations indicate that the EF-

scale-equivalent wind speeds in a ‘‘typical’’ tornado are

likely to be no less than the 501mAGL winds that may

be observed by radar. The sample size of all near-ground

radar datasets of tornadoes is very limited, however, and

variations from one tornado to another (and through the

lifetime of a tornado) are likely.

3. Some low-level wind observations in violent
tornadoes observed by RaXPol

a. 31 May 2013

A series of tornadoes moved across central Oklahoma

during the afternoon and evening of 31 May 2013 as an

intense supercell traversed the Oklahoma City, Okla-

homa, area. This particular dataset provides an excellent

opportunity to examine some of the aforementioned

potential complications when reconciling mobile radar

measurements with the EF scale. Refer to the appendix

for a very brief primer on the radar quantities that are

used in this paper.

RaXPol deployed 7 times through the event, and the

data presented herein were collected at the second

and third deployment locations (marked D2 and D3 in

Fig. 2). Digital Elevation Model data from National

Elevation Dataset available from the U.S. Geological

Survey with 1/3-arc-s resolution (;10m horizontal and

FIG. 1. An aerial photograph of damage from the 20 May 2013 EF5-rated tornado southwest

of Moore, OK. The center of the tornado passed approximately 750m north of this location.

North is to the top left; the north arrow that has been superimposed over the top-right part of

the image is approximately 30m in length when projected onto the ground. Nearly all trees

were felled to the north, implying strong southerly winds (i.e., oriented radially inward in

a tornado-relative reference frame). (inset) The EF-scale contours provided by the National

Weather Service Forecast Office in Norman, OK (NWSFO OUN); north is toward the top in

the inset image. The white box in the inset image marks the approximate location of the

photograph. [Photograph courtesy H. Bluestein.]
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1m vertical with a root-mean-square error of ;2.4m)

have been used to examine the elevation of the ground

where the tornado occurred; the elevation profiles for

two selected azimuths fromD2 andD3 illustrate some of

the variability of the terrain in the vicinity of the tornado

(Fig. 2b). In both ;8-km-long profiles, the ground ele-

vation changes over a ;25-m range, which is important

to keep in mind when examining the boresight-aligned

estimated beam height relative to the 10m AGL height

(which subsequently becomes a function of range and

azimuth given nonuniform elevation). However, com-

pared to many mobile radar deployments, the terrain

was relatively flat and open.

During D2, RaXPol observed the genesis and in-

tensification of an intense, multiple-vortex tornado

southeast of El Reno (Fig. 3). Ground clutter targets

from D2 were relatively sparse in the direction of the

tornado. The structure of the supercell and hook echo

sampled by RaXPol can be seen in Fig. 4. At this time,

RaXPol was collecting rapid-scan radar volumes con-

sisting of seven 3608 scans at elevation angles of 08–58
every 18 (with two consecutive 08 scans) while the an-

tenna rotated at ;1808 s21. Range resolution was 30m

during most of the time the tornado was occurring, with

oversampled gates every 15m. A number of notable

features are evident in the 58-elevation scan: a weak

FIG. 2. (a) A map of RaXPol deployments during the El Reno tornado on 31 May 2013. The

white enclosed area marks the approximate area of the tornado as determined by NWSFO

OUN using radar and damage survey information. The black line within the white swath in

(a) marks the approximate center of the tornado track. (b) The red and blue lines in (a) mark

the profiles alongwhich the ground elevations colored in red and blue, respectively, are plotted.

The dashed horizontal lines in (b) mark the radar heights at the second (red; D2) and third

(blue; D3) deployment locations (i.e., the approximate height of the 0.08-elevation angle beam

if the radar were perfectly level). The green and orange stars in (a) are locations of photographs

presented in Figs. 11a,b. Elevation data in (b) are extracted from 1/3-arc-s resolution (;10-m

horizontal resolution)Digital ElevationModel data from theU.S.Geological Survey’s (USGS)

National Elevation Dataset; the root-mean-square error of the elevation data is approximately

2.4m per the USGS.
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echo eye in ZH (Fig. 4a) associated with the tornado,

a possible low-reflectivity ribbon (e.g., Snyder et al.

2013), and a polarimetric tornado debris signature

(PTDS; e.g., Ryzhkov et al. 2005) most evident in co-

polar cross-correlation coefficient (rhv;
4 Fig. 4d) and

ZDR (Fig. 4b). At 08-elevation angle, the tornado is as-

sociated with a local maximum in ZH, and peak VR is

approximately 86ms21. The boresight-aligned theoretical

beam height at the range of the tornado, after including

the platform pitch (20.428) and roll (0.038), is approxi-
mately 255m above radar level (ARL) or approxi-

mately 230m AGL when including the height of the

radar antenna above ground and the ground-elevation

difference betweenD2 and the tornado. Obviously, data

were not collected below ground level: the bottom part

of the radar beam intercepted the ground, leaving only

the top part of the beam illuminated. Owing to multi-

path scattering and otherwise unknown interactions as

part of the radar beam intercepted the ground [e.g., see

Beamer (1970); though the significantly different fre-

quencies and distances examined therein compared

to the observations presented herein complicate the

FIG. 3. Photographs of the tornado across rural areas of southwestern El Reno on 31 May

2013 taken at approximately (a) 2307 UTC (view to the west-southwest) and (b) 2314 UTC

(view to the southwest). The multivortex structure of the tornado is evident in (a). A view of the

relatively clutter-free and flat horizon can be seen in (b); a lightning strike makes the tornado in

(b) much more apparent than it was moments before and after this image as copious amounts of

precipitation surrounded the tornado. The black circle in (b) represents the approximate 3-dB

beamwidth at 6-km range [near the tornado in (b)]. Both photographs were taken at the second

deployment location (D2; Fig. 2a). [Photographs courtesy of J. Snyder.]

4 In most uses of polarimetric radar data in meteorology, the

relevant parameter typically is the magnitude of the copolar cross-

correlation coefficient at lag 0 [i.e., jrhv(0)j]. In this paper, all ref-

erences to this quantity will be referred to solely by rhv.
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FIG. 4. RaXPol (a) ZH (dBZ), (b) ZDR (dB), (c) KDP (8km21), and (d) rhv from deployment location D2 in

southwestern El Reno at 2312:21 UTC at a radar-relative elevation angle of 5.08. A polarimetric tornado debris

signature is evident in (b) and (d), and a possible low-reflectivity ribbon is noted [in black arrows in (a)] as well.

Graphics of (e)ZH and (f)VR (gates with NCP, 0.2 are black) from 2312:40 UTC at a radar-relative elevation angle

of 0.08 capture data much nearer the ground than shown in (a)–(d); the antenna boresight-aligned estimated beam

center is approximately 255m above radar level (i.e., only the top of the beam is illuminated owing to significant

partial beam blockage from the ground). The strongest inbound velocities are285.8m s21 in (f). Data in (e) and (f)

are more ‘‘speckly’’ compared to data at higher-elevation angles on account of ground clutter and partial beam

blockage.
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application of those results to the current work], the il-

lumination pattern of the beam was likely very com-

plex at very low-elevation angles. Since it is impossible

to assign a single height to a particular range gate un-

der very atypical beam illumination patterns, beam

heights provided in this paper, unless otherwise spec-

ified, are provided relative to antenna boresight.

Readers should remember, however, that the actual

height of scatterers contributing most to a volume is

unknown and may deviate significantly from beam

boresight.

Since the radar was 6 km from the tornado, our

ability to collect very high-resolution data near ground

level was limited. Although the boresight-aligned es-

timated beam height may have been very low with

a radar-relative elevation angle of 08 and with limited

clutter and terrain variability, the 3-dB cross-sectional

width of the beam at 6-km range was ;105m. None-

theless, vertical profiles of the observed maximum

magnitude of VR, collected shortly before RaXPol

departed D2 (Fig. 5), show that the greatest VR oc-

curred at the lowest height of data collection during

each volume. Owing to the large beam size at 6-km

range, the radar is not resolving the tornado boundary

layer, although scatterers within the tornado boundary

layer may be contributing to the total signal measured

by the radar. Although this is nearly an ideal de-

ployment location given the situation, it is very difficult

to collect very near-ground data from a range of more

than a kilometer or two. At very low-elevation angles,

there is an unknown contribution from potential for-

ward scattering of the radar beam off the ground

(J.Wurman 2014, personal communication).However, in

an extremely simple case of mirrorlike ‘‘reflection’’ off

a flat surface, radar volumes collected at increasingly

lower elevation angles below 08 should be sampling

scatterers at increasingly higher altitudes (i.e., the

‘‘lower’’ the antenna points, the higher the ‘‘reflected’’

beam gets), indicating that there will be some sym-

metry of the data about the 08–0.58-elevation angle;

such symmetry does not appear to have been observed

in this dataset. Ground interception of the beam very

significantly biases power-based measurements (e.g.,

ZH), but, as is observed in cases of partial beam

blockage and signal attenuation, phase information

necessary for VR is much more immune to such effects

and is generally preserved even where much of the

signal has been lost.

The tornado grew to an extremely large size by the

timeRaXPol was collecting data at D3 (Figs. 6–12).

When the radar was scanning again at D3, the tornado

was located ;5 km to the southwest (Fig. 7). For safety

reasons, data collection at D3 lasted only approximately

2min. The period of data collection at D3 included the

time during which the tornado appeared to transition

from a primarily single-vortex structure to a multiple-

vortex structure (e.g., Figs. 8 and 9). Since the tornado

was closer to the radar at D3 than it was during D2, the

data collected at D3 are of considerably higher resolu-

tion and contain more data near the ground. Although

the center of the beam from the radar-relative 08-
elevation angle as determined by the antenna boresight

is approximately 250m at 4-km range after accounting

for nonzero pitch and roll, the top extent of the radar

volume as determined by the 3- and 10-dB beamwidths

(1.08 and;1.88, respectively) are215mand112mAGL,

respectively. The vertical distribution of scatterers

near the ground is unknown, but energy density de-

creasing rapidly beyond the 10-dB beamwidth (i.e.,

greater than ;0.98 above antenna boresight) increases

the probability that scatterers affected by very near-

ground winds were also sampled by the top part of the

main radiation lobe.

FIG. 5. The vertical profiles of maximum magnitude of in-

bound VR (m s21) for volumes collected between 2312:08 and

2313:43 UTC at D2. Each volume provided seven scans in

total: two from an elevation angle of 0.08 and one from each

elevation angle of 1.08, 2.08, 3.08, 4.08, and 5.08. In anticipation of

needing to relocate the radar truck for the next deployment, the

truck was unleveled after the 2312:40 UTC volume, which re-

sulted in a loss of data below 50m ARL. In addition, without the

leveling system employed after 2312:40 UTC, the pitch and roll

of the radar truck (and thus the estimated beam heights) were

considerably more variable owing primarily to buffeting from

the wind.
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Shortly after 2325 UTC, VR exceeding 130m s21

(e.g., Fig. 8) was measured when the boresight-aligned

theoretical beam height was ,10m AGL, and these

particularly high winds were sampled in at least one

subvortex that moved at ;78m s21 (Fig. 9). Although

the maximum VR associated with this particular sub-

vortex (135.0m s21) was sampled only at higher-

elevation angles (48–58), this may be attributable

more to the time than to the height of the observation

in that the highest winds were sampled when the

subvortices were moving directly toward the radar,

which happened to be when the radar was scanning at

higher-elevation angles. As a result of the high trans-

lational speed of the subvortices, the highest winds

were only over a particular area for a very short time.5

Since RaXPol collected a 3608 sweep every 2 s, two

consecutive scans can be averaged to yield an estimated

FIG. 6. Photographs of the 31May 2013 El Reno tornado (a),(b) at 2325 UTC fromRaXPol’s third deployment

location (D3) looking southwestward toward the tornado and (c) near 2326 UTC from a storm chaser

(G. Rhoden) looking westward. The red circles near the left edges of (a) and (b) represent the approximate

theoretical 3-dB beamwidth at 2.5-km range. The white arrow in (c) points to RaXPol as it was scanning. The

highly slanted condensation funnel along the right side of (a) and (b) falls entirely within the 3-dB beamwidth.

[Photograph in (a) courtesy of J. Snyder, photograph in (b) courtesy ofH. Bluestein, and photograph in (c) courtesy of

G. Rhoden.]

5No geometric corrections to account for the difference between

the translation vector of the tornado (or a subvortex) and the radar-

relative radial vector have beenmade to the estimates presented in

this paper. As such, minor changes in the relative translational

vector of a subvortex would be expected to result in a reduction in

measured VR from geometry alone.
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2-s mean wind, assuming that VR varies linearly with

time between the two scans. For example, the 2-s aver-

age VR from 08 scans at 2325:55 and 2325:57 UTC, times

during which another intense subvortex was moving

toward the radar, was ;109.3m s21 (Fig. 10), reduced

from the 119.5 and 116.4m s21 VR from the two in-

dividual scans. The boresight-aligned estimated theo-

retical beam height (not including ground elevation

changes) was approximately 250m AGL in Fig. 10, so

only the very top extent of the ‘‘theoretical’’ beam was

illuminated since part of the beam intercepted the

ground and there was nearby ground clutter. There is an

unknown contribution of scattering off the ground, and

partial beam blockage from the ground and nearby

clutter targets likely resulted in a very complex beam

illumination pattern, making it impossible to know the

FIG. 7. (a) Attenuation-corrected ZHc, (b) attenuation-corrected ZDRc, (c) rhv, (d) KDP, (e) VR, and (f) sy valid at

2324:45 UTC 31May 2013 showing the entirety of the supercell as sampled by RaXPol. Attenuation by rain has been

approximately compensated for in (a),(b) by the use of the ZPHI method (Testud et al. 2000; Snyder et al. 2010) and

a relation between attenuation and differential attenuation. Range rings are marked every 5 km.
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distribution of scatterers that most significantly affected

VR. Regardless, it seems likely that the radar was sam-

pling scatterers near the ground.

One of the most difficult aspects of rating this partic-

ular tornado (e.g., R. Smith 2013, personal communi-

cation) is that the extreme winds sampled by RaXPol

[and a DOW (Wurman et al. 2014)] occurred over rural

areas that had very few DIs present. For example, VR of

at least 135m s21 measured by RaXPol during D3 oc-

curred over an open field that was devoid of substantial

structures (Figs. 11b,c). Visits to this area showed that

the extent of damage largely was limited to flattened

vegetation and fences with perhaps some gravel scour-

ing, although other structures were affected by weaker

winds. There was an example of helical-shaped swaths of

completely matted vegetation observed very near the

location of one of the subvortices (Fig. 11c).

More detailed analyses of the evolution of the

supercell and tornado are forthcoming. We note, how-

ever, that the hook echo and much of the eastern part of

the tornado were characterized by anomalously low

ZDR given the relatively high ZH and KDP observed

(e.g., Figs. 4 and 7). These characteristics suggest that

the mean drop size was relatively small for the amount

of rainwater in these areas, which is in agreement with

a couple of studies that have examined ZDR in the hook

echoes of several tornadic supercells (e.g., Kumjian

2011; French et al. 2013).

There is an additional noteworthy observation in

FDP: in data collected at D3, there is a relatively small

area (;300m 3 1000m) of locally reduced FDP (e.g.,

;208–258 reduction; Fig. 12) adjacent to the southeast

periphery of the debris field; it appears that this marks

an area of significant negative backscatter differential

phase d. This area is characterized by ZDR of approxi-

mately 1.5 dB, rhv . 0.95, and sy , 3m s21, and it per-

sists throughout the deployment (not shown). The high

rhv indicates that the scatterers in this area are likely

meteorological in origin. Scattering simulations at X

band (not shown) indicate that d. 08 in rain; d, 08 can
occur in hail. Although nonuniform beam filling (NBF)

may not be negligible along the edge of the debris field in

regions of high ZH and FDP gradients (Ryzhkov 2007),

the NBF-produced biases tend to continue down the

radial, which is not observed here.

b. 24 May 2011

RaXPol sampled a violent tornado at a range as close as

2km near El Reno on 24 May 2011 (Houser 2013). When

the tornado was rapidly intensifying near its closest ap-

proach to RaXPol, the radar was scanning only one ele-

vation angle, providing 2-s updates at 18-elevation angle.

The range resolution was 75m (oversampled every 15m),

and 12 pulse pairs (i.e., 24 pulses) were used to calculate

themoments. The highestVRwithin this tornadomeasured

by RaXPol occurred near 2100:39 UTC (;132.1ms21;

Fig. 13a). At this range (4km) and elevation angle, the

boresight-aligned theoretical beam height, after ac-

counting for platform pitch and roll, was ;22m ARL.

Two consecutive scans from 2100:39 and 2100:41 UTC

have been averaged to yield an estimated 2-s meanVR of

118.4m s21 (Fig. 13b). An average of three consecutive

scans between 2100:39 and 2100:43 UTC yields an esti-

mated 4-s averageVR of 110.8m s21 (Fig. 13c). Note that

this is only averaging one component of the flow in the

tornado (the radar-directed radial component), so it

FIG. 8. Graphics of (a)VR and (b) sy at 2325:34UTC 31May 2013 valid at 48-elevation angle. An intense subvortex

(marked by the red circle) is located in the southeastern section of the tornado. On the 08 (2325:25 UTC),

18 (2325:27UTC), 28 (2325:29UTC), 38 (2325:32UTC), and 48 (2325:34UTC) sweeps fromwhich this scan was taken,

the peak VR values within this subvortex are 130.4, 126.45, 130.4, 129.7, and 126.5m s21, respectively.
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is likely to be an underestimate of the true 2- and 4-

s-average wind speeds.

4. On the accuracy of VR estimates in tornadoes

a. Velocity estimate errors

There are statistical errors in VR estimates because

there are only a limited number of samples from which

to calculateVR. When PPP (as it has been with RaXPol)

is used, VR is calculated as

VR 52
l

4pTs

arg[R̂(Ts)] , (1)

where l is the radar wavelength, Ts is the pulse repe-

tition time, arg represent the argument of the com-

plex quantity, and R̂(Ts) is the autocorrelation function

FIG. 9. Graphics of ZH from a series of consecutive

scans tracking another intense subvortex (subsequent

to that highlighted in Fig. 8) from (a) 2325:48 UTC (38),
(b) 2325:50 UTC (48), (c) 2325:52 UTC (58), (d) 2325:55
UTC (08), and (e) 2325:57 UTC (08). The arrow marks

the subvortex that moved ;700m in the ;9 s covered

by these scans; the translational speed of the tracked

subvortex was approximately 78ms21. Other sub-

vortices are seen primarily in the northern part of the

tornado at the times shown. Significant partial beam

blockage occurred in the two 08 scans and can be seen as
a large reduction in ZH. Range rings are marked every

1km.
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FIG. 10. RaXPol data from 2325:55 to 2325:57 UTC 31May 2013 valid at a truck-relative

elevation angle of 0.08 objectively analyzed using a two-pass Barnes scheme with horizontal

grid spacing of 15m, k5 0.0097km2, and g 5 0.3: (a) an average VR using two consecutive

scans separated by 2 s, (b) analyzed VR at 2325:55 UTC, (c) analyzed VR at 2325:57 UTC,

(d) ZH, and (e) rhv. In (a)–(c), gates with NCP, 0.2 have been removed, and the analysis

linearly interpolated VR for such gates. Accounting for nonzero platform pitch and roll, the

antenna boresight-aligned estimated beam height through the tornado center is approxi-

mately250m ARL; partial beam blockage from nearby trees and other structures, as well

as significant ground interception as an increasing amount of the radar beam hit the ground,

essentially left only the top part of the antenna pattern illuminated. Range rings are plotted

every 1km. The maximum inbound averaged VR in (a) is 109.3ms21; the maximum VR in

(b) and (c) is 119.5 and 116.4ms21, respectively. Strong radial divergence is observed near

the center of the tornado [denoted by black arrows in (a)], potentially indicating that the

tornado has primarily a two-cell structure. Axes labels are relative to the radar location.
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at lag 1. If the transmit frequency is changed by at

least the inverse of the pulse bandwidth from pulse

group to pulse group (i.e., pulse pairs are independent,

or at least relatively uncorrelated), R̂(Ts) can be cal-

culated as

R̂(Ts)5
1

M
�

M21

m50

V(2m1 1)V(2m) , (2)

where M is the number of independent pulse pairs.

According to Zrni�c (1977), the variance of the

mean estimate (VR) determined by PPP can be

calculated as shown in Eq. (6.21) in DZ93. The vari-

ance of VR can be estimated as [see Eq. (6.22b)

in DZ93]

var(V̂R)’ l2

�
11

N
S

�2

2 r2(Ts)

32p2Mr2(Ts)T
2
s

, (3)

where

r(Ts)5 exp

"
28

�
psyTs

l

�2
#
5 exp

"
2
(psvn)

2

2

#
(4a)

and svn is the normalized spectrum width defined as in

Melnikov (2004):

svn5
sy

Va

(4b)

and

Va5
l

4TS

. (4c)

Consider a high-VR observation (135.0m s21) from

31 May 2013 near 2325 UTC. For a typical ‘‘worst case’’

scenario, sy 5 15m s21 with M 5 8, TS 5 0.25 3 1023 s,

and SNR;30 dB yields VR variance (3) of;56.5m2 s22

or a standard deviation of ;7.5m s21. So, the estimat-

ed VR is 135.0 6 7.5m s21 when describing 61 stan-

dard deviation about the mean estimate. In most of

the RaXPol observations of intense tornadoes at close

FIG. 11. (a) A panoramic photograph from very near the third deployment location (D3, marked by a yellow

pushpin along the right side of Fig. 2a) on 31May 2013 taken several weeks after the tornado. View is to the west-

northwest on the right side of the photo and to the south-southwest on the left side of the photo. Interstate 40 (I40) is

visible on the right side of the photo; the photo was taken just off the eastbound exit from I40 on Banner Road.

(b) A photograph taken from near the green star in Fig. 2a looking to the northeast, where the strongest winds were

measured by RaXPol. (c) A photograph (view to the northwest) from the location represented by the orange star in

Fig. 2a. Note the helical damage swaths, marked by black curves in (c), in which the thick foliage was matted to the

ground; each ‘‘swath’’ was #1m wide. [Photograph courtesy of J. Snyder.]
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range, SNR is typically quite high (i.e., .30 dB), so

further discussion will generally assume high SNR. One

could expand the VR ‘‘bounds’’ by including sy, but one

would then generally want to take the high end of this

range if one is interested in the maximum speed within

the resolution volume.

Note that (3) and (4a) assume that the Doppler spe-

ctrum has a Gaussian distribution, which is a dubious

FIG. 12. An area of anomalously low FDP, marked by black arrows in (b), in the southeast part of the tornado

during the third deployment as observed at (a) 2325:11 UTC (18-elevation angle), (b) 2325:20 UTC (58-elevation
angle), and (c) 2325:27 UTC (18-elevation angle). Values of FDP in this area are ;208–258 lower than the ‘‘back-

ground’’FDP along the affected radials. Given the local nature of the reduction, this area, which persists for nearly

the entire deployment, seeminglymarks a regionof scatterers with backscatter differential phase considerably less than

08. Collocated with the reducedFDP are (d) ZDR of;2dB, (e) rhv . 0.95, and (f) sy , 3ms21 (from 2325:27 UTC).

The black enclosed shape in (c)–(f) is the approximate edge of the tornadic debris field (e.g., rhv , 0.8).
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assumption for radar volumes in a debris-filled tornado

(e.g., Bluestein et al. 1993). It is very difficult to estimate

the variance of VR without knowing or assuming the

shape of the spectrum, however, and, owing to the fre-

quency hopping used by RaXPol in ‘‘rapid scan’’ mode,

retrieving the Doppler spectra from RaXPol observa-

tions is currently not possible unless the scanning rate

is slowed to more ‘‘traditional’’ speeds and frequency

hopping is disabled. By the nature of a distribution with

nonzero width, the mean VR of scatterers within a reso-

lution volume (i.e., the VR measured by radar) will be

lower than the peak VR of the fastest-moving scatterers.

In (3) and (4), sy is assumed to be small compared to the

maximum unambiguous velocity Va. From Melnikov

and Zrni�c (2004), the calculated sy will be negatively

biased when the true sy is larger than ;0.6Va.

FIG. 13. (a) Measured VR and (b) sy at 2100:41 UTC 24 May 2011 southeast of El Reno. Two-pass Barnes analyses

(15-m grid spacing, k5 0.0097km2, and g 5 0.3), for three sweeps collected at 2100:39, 2100:41, and 2100:43 UTCwere

created, fromwhich the (c) 2-s-meanVR between 2100:39 and2100:41UTCand the (d) 4-s-meanVR using all three scans

were created. All data were collected at a 1.08 radar-relative elevation angle (refer to Fig. 17b for estimated beam height

accounting for pitch and roll). ThemaximumVR in (a) is 132.1ms21; themaximum objectively analyzedVR at the same

time is 129.4ms21. The maximum 2-s- and 4-s-mean VR values are 118.4 and 110.8m s21, respectively. Range rings are

plotted every 1km in (a),(b). Black gates in (a) are removed owing to having NCP , 0.2.
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b. The influence of debris and reduced rhv on
velocity estimates

From observations it is seen that sy within tornadoes

can be large on account of the differential velocity of

scatterers in regions of very strong accelerations and

large gradients in flow characteristics. Enhanced sy in-

creases the expected variance of the VR estimate (e.g.,

Fig. 6.5 in DZ93). A radar volume filled with hydro-

meteors and debris of varying shapes and sizes will have

a comparatively wide Doppler spectrum owing to the

different velocities characterizing the scatterers. Since

the expected variance of VR is sensitive to sy (which, in

many RaXPol tornado datasets, is enhanced within the

PTDS), the presence of debris and high sy tends to in-

crease the VR variance.

The variance in VR calculated by PPP is affected by

the number of samples used to calculate the moments

(i.e., M), particularly when the number of independent

samples is relatively low [i.e., O(10); note the M21 de-

pendence in (3)]. Typically, meteorological echoes are

associated with relatively high rhv (e.g., Straka et al.

2000; Park et al. 2009; Dolan and Rutledge 2009; Snyder

et al. 2010), which, by definition, means that theH andV

channels are highly correlated at lag time 0 and, thus, the

combination of data from the two channels is unlikely to

increase the quality of the mean VR estimate compared

to that from only one channel (assuming the SNR is not

particularly low).

In the tornadic debris field, rhv is markedly reduced

(e.g., Ryzhkov et al. 2005; Kumjian and Ryzhkov 2008;

Bluestein et al. 2007a; Snyder et al. 2010; Bodine et al.

2013). The signals from the H and V channels are there-

fore less correlated than in areas composed of purely

meteorological scatterers. In areas of high rhv, using M

pulse pairs in H and V still yields approximately M in-

dependent pulse pairs; in areas of low rhv, transmittingM

pulse pairs in the H and V channels yields up to 2M

pseudoindependent pulse pairs (for rhv; 0). Polarimetric-

based VR estimates using H and V channels should have

reduced variance within the debris field compared to VR

from a single channel (or single-polarization radar). Con-

sider the expected variance of a VR field defined as the

average of VH and VV:

VR 5
VH 1VV

2
. (5)

The variance of (5) is

var

�
VH 1VV

2

�
5

var(VH)1 var(VV)1 2 cov(VH ,VV)

4
.

(6)

The ratio of the variances of the ‘‘polarimetric’’ VR to

the estimate obtained using only the H channel (i.e.,

VH), assuming the noise levels in each channel are the

same and ZDR ’ 0 dB, is shown in Melnikov [(2004);

Eq. (6.3)] as

var(VR)

var(VH)

5
1

2

(
11 r2hv

"
11

f2SNR[12 r(Ts)
2]1 1gM1

f12 r(Ts)
2g(M2 1)SNR2

#21)
,

(7)

whereM1 is the number of independent samples inM2
1 samples. When rhv or SNR is low, this ratio is less than

1, indicating a reduction in the variance of the ‘‘polari-

metric’’ VR relative to that in the single-polarization VH

estimate (Fig. 14); when rhv and SNR are high, there is

little reduction in the variance of VR relative to that of

VH. Note that sy affects (7) through its effect on r(Ts) in

(4a); all else being equal, an increase in sy at a given Ts

(i.e., an increase in svn) generally increases (7), although

this effect is really only evident at low SNR (e.g., SNR,
10 dB). As it relates to the PTDS, even at high SNR, (7)

can be significantly affected by rhv. Particularly where

rhv , 0.7, (7) will be less than unity, signaling that the

addition of data from the second, orthogonally polarized

channel reduces the expected variance of VR.

As an alternative to (5), a polarimetric VR estimate

can be obtained by averaging the lag 1 autocovariances

from each channel before calculating VR:

R̂(Ts)5
R̂h(Ts)1 R̂y(Ts)

2
. (8)

In calculating VR using PPP, we are interested in the

argument of R̂(Ts), and the variance of VR calculated

using (8) and (1) and its ratio to the variance of a single-

polarization VH is considerably more complex than that

shown in (7) [see Eq. (6.5) in Melnikov (2004)]. How-

ever, the reduction in the variance ofVR using (8) is very

similar to that obtained using (5) (Melnikov 2004). The

RaXPol VR observations presented in this paper have

been calculated according to (8).

c. Differential velocity

Although ZDR has received considerable attention in

the literature following Seliga and Bringi (1976), radar-

estimated differential radial velocity VD in tornadoes

has not been formally examined. As previously noted,

where rhv is ;1 (i.e., for meteorological scatterers), VR

estimates from the H (VH) and V (VV) channels should

be very similar. However, where nonmeteorological
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scatterers are abundant (e.g., tornado debris), appre-

ciable reduction in rhv and very complex scattering be-

havior may result in significantly different VH and VV.

Differential velocity is herein defined simply as

VD5VH 2VV . (9)

Since VR is a reflectivity-weighted mean estimate,

a volume composed of scatterers with large aspect ra-

tios, nonzero mean canting angles, and a wide range of

VR can yield much different Doppler spectra in the H

channel from those in the V channel. For example, the

magnitude of VD may exceed more than a few meters

per second when biological scatterers are present

(Melnikov et al. 2014). In examining RaXPol observa-

tions, we have identified large VD within the PTDS. For

example, in the PTDS from 2325 UTC on 31 May 2013,

the magnitude of VD exceeds 10m s21 (Fig. 15). It is

seen, upon calculating themean and standard deviations

of VD as a function of rhv (Fig. 16), that, at least in the

2325:55 and 2325:57UTC 08 scans used to compute these

statistics, the mean VD deviates very little from 0m s21,

and the standard deviation of VD increases with de-

creasing rhv.

From examples of VD from scans collected at close

range (3–4 km) and low-elevation angles within violent

tornadoes sampled by RaXPol on 24 May 2011 near El

Reno (Fig. 17), and on 19 May 2013 near Shawnee,

Oklahoma (Fig. 18), we find that VD of O(10)m s21 is

associated with regions of low rhv and high sy;VD differs

from 0m s21 most significantly where low rhv is juxta-

posed with high sy. A similar observation is noted with

an earlier tornado that occurred northeast of Oklahoma

City on 19May 2013 (Fig. 19). As a result,VDmay be an

additional parameter useful for detecting tornadic de-

bris from ongoing tornadoes. Given that areas where the

magnitude of VD exceeds a few meters per second also

tend to have enhanced sy, some of the deviation of VD

from 0m s21 is attributable to statistical limitations of

estimatingVR given a limited number of samples. In this

way, VD may be a proxy for sy, although VD does not

follow sy as well outside the debris signature (or at least

outside areas with low rhv); high VD in RaXPol datasets

occurs when both parameters are favorable (such as is

typically the case in high-resolution radar observations

of tornadoes). Since time series data are not available

for the RaXPol datasets examined in this study, analyses

of spectral differential reflectivity (Melnikov et al. 2014)

and more detailed examination of the Doppler spectra

in each channel are not possible. It is possible that

analyses of VD within tornado debris signatures may

reveal some information about debris characteristics.

5. Summary

As the number of mobile radar datasets of tornadoes

increases, the complicated question of how such data

may be used when estimating tornado intensity in-

evitably arises. The EF scale, and the original F scale

before it, arguably are intended to aid in the de-

termination of the intensity of winds within tornadoes

(under the constraint of a 3-s-average wind speed mea-

sured at 10mAGL) by using tornado damage as a proxy.

Determining DoDs in a tornado can be quite difficult,

and the wind speed ranges expected for some DoDs and

FIG. 14. The ratio of the variance of the polarimetricVR estimate

to the variance of the single-polarization VH estimate using 11

pulse pairs at (a) 5- and (b) 50-dB SNR. The value of rhv increases

to the right along the abscissa; svn increases downward along the

left ordinate. The equivalentsy forVa5 30m s21 (similar to what it

was during D2 and D3 on 31 May 2013) is shown on the right or-

dinate in red. Ratios less than 1.0 indicate a decrease in the vari-

ance of the velocity estimate when H and V channel data are

included relative to when only the H channel is used.
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DIs can span several EF-scale categories. As such, one

can argue that actual high-resolution measurements of

winds can aid in the assessment process, particularly

when damage exceeds the maximum DoD for affected

DIs. Although commentary on the use of radar data in

the EF-scale rating process as used by official entities or

organizations is beyond the scope of this paper, it does

seem prudent, in some as-yet-undetermined manner, to

consider all available observations (whether they be in

situ anemometer observations or remote sensing data

available by radar), especially when damage assessment

is particularly difficult and assuming the ultimate use of

the EF scale is to determine tornado intensity. There is

likely to be value in including additional observations if

such observations are used in a clear, consistent, and

careful manner, even if such observations are unable to

be used as the sole basis for an EF-scale rating. The

authors suggest, as one possibility, the addition of a plus

FIG. 15. Graphics of RaXPol (a) ZH, (b) rhv, (c) sy, (d) VD, (e) VR, and (f) ZDR at 2345:45 UTC 31 May 2013

at a radar-relative elevation angle of 3.08. Range rings are marked every 1 km, with spokes provided every 108 in
azimuth.
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(i.e., ‘‘1’’) modifier to EF-scale ratings assigned by entities

that wish to continue to rate tornadoes based solely on

damage, whereby, if so desired, an EF-scale rating may be

assigned based exclusively upon damage, but an additional

plus modifier can be added if there is compelling evidence

from other sources that wind speeds likely exceeded those

associated with the damage-determined EF-scale rating.

For example, the El Reno tornado observed on 31 May

2013 has been rated anEF3 (as of February 2014 per Storm

Data) based upon damage, whereas the authors support

a rating of ‘‘EF31’’ to denote that theEF3 rating is a lower

bound and that there are credible, high quality, non-

damage-based observations indicating wind speeds signif-

icantly greater than those associated with the EF3 rating.

It is important to keep inmind whatVRmeasurements

contained in a radar dataset actually provide; they are

estimates of the radar-relative radial component of the

reflectivity-weighted, ensemble-averaged velocity of all

scatterers within (neglecting sidelobe contamination)

a nondiscrete radar volume collected during a dwell

time that is orders of magnitude shorter than the 3-s

EF-scale criterion. Most of the characteristics of VR

tend to contribute to VR underestimating the EF-scale-

equivalent winds, while a few factors (primarily the

relationship between a nearly instantaneous VR observa-

tion and the 3-s-average wind speed) tend to contribute

to VR overestimating the EF-scale-equivalent winds.

Perhaps the most significant uncertainty when applying

VR observations to EF-scale-equivalent winds is how the

VR for a given resolution volume relates to the 10mAGL

height criterion of the EF scale. Unfortunately, there are

only very limited observations of the vertical profile of

winds within the lowest 20–50m of tornadoes owing to the

extreme difficulty in safely obtaining such measurements.

In most observations, it seems that there is no clear, con-

sistent relationship between the observed VR at or above

50m AGL, for example, and the winds that occur at 10m

AGL; some observations (e.g., Kosiba andWurman 2013)

show the highestVR occurring below 10mAGL, generally

corroborating published numerical simulations and theory.

RaXPol observed three violent tornadoes in central

Oklahoma in 2011 and 2013 from less than 4-km range.

FIG. 16. Differential velocity (VD; m s21) from the 2325:55 and 2325:57UTCscans at 08-elevation
angle are binned according to the rhv value within each gate near and within the tornado debris

signature. (a). Abox plot ofVD in 0.1-rhv bins with the top and bottomof each box representing the

75th and 25th percentiles respectively, and the red line representing the mean value of VD for all

gates within each rhv bin. (b) A plot of the standard deviation of VD within each rhv bin. (c) The

number of gates within each bin.
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Having the ability to collect a 3608 sweep every 2 s allows
us to estimate the 2-s-average VR. On 31 May 2013,

at the time examined (2325:55–2325:57 UTC), the 2-s-

average VR was approximately 5%–10% lower than

the peak nearly instantaneous VR. On 24 May 2011, the

2-s-average VR was ;20% lower than the nearly in-

stantaneous peak VR. How well a 2-s-average VR com-

pares to the true 3-s-mean wind at a given point is likely

to be highly dependent upon the forward motion of the

tornadic wind field and any perturbations (e.g., sub-

vortices) moving through/within it. In the case of mul-

tivortex tornadoes with extremely rapidly translating

subvortices, the highest VR may only occur over a par-

ticular area for a very short period of time. The effect of

this fast movement, however, on the damage sustained

by structures near the ground is unknown.

FIG. 17. Data from an intense tornado southwest of El Reno on 24 May 2011 valid at 2100:41 UTC at a range of

;4 km east-southeast of RaXPol: (a) SNR at H polarization, (b) estimated beam height above radar level (including

pitch and roll; units are 102m), (c) VD, (d) rhv, (e) sy, and (f) ZDR. Range rings are marked every 1.0 km, and spokes

are shown every 108 in azimuth. The VR from this scan can be seen in Fig. 13.
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As it pertains to tornadoes with debris, polarimetric

radars should provide VR measurements within the de-

bris field that have reduced variance compared to single-

polarization weather radars. In addition, differential

velocity VD deviates appreciably from 62m s21 in

RaXPol observations of the debris field. Locally en-

hanced magnitudes of VD appear to be associated with

relatively large sy and relatively low rhv, indicating that

VD may be an additional parameter useful for the de-

tection of tornadic debris. If large magnitudes of VD in

tornado debris are associated with high sy,VDmay have

an advantage over rhv for the detection of ongoing tor-

nadoes since rhv can remain depressed after tornadoes

have ended when the lofted debris is still settling (e.g.,

Ryzhkov et al. 2005; Schultz et al. 2012). Further ex-

amination of this quantity, particularly when calculated

FIG. 18. RaXPol data valid at 2328:58 UTC 19 May 2013, capturing a strong tornado near Shawnee: (a) ZH,

(b) estimated beam height above radar level (units of 102m), (c) VR, (d) VD, (e) rhv, and (f) sy. Maximum VR at this

time is 80.5m s21 at a boresight-aligned height of approximately 52mARL. The scanning strategy differed from that

during the data collected on 31 May 2013; here, volumetric data were collected at elevation angles of 18–198 every 28
(yielding volume update times of ;32 s) using staggered PRT. Note that the VR shown in (c) is manually unfolded

from theVR calculated from the pulse pair with the lowest PRT;VD is produced fromVH andVV calculated from the

staggered PRT method. Range rings are plotted every 1 km.
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FIG. 19. RaXPol data valid at 2204:42 UTC 19 May 2013 south of Carney, OK: (a),(b) ZH, (c) VR, (d) VD, (e) rhv,

and (f) sy. The maximumVR is 90.9m s21 with an antenna boresight-aligned estimated beam height of;103mARL.

The elevation angle is 18. Range rings are plotted every 5 km and spokes every 308 in (a); range rings are plotted every
1 km and spokes every 108 in (b)–(f).
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using significantly more signal samples (e.g., 501 pulse

pairs per radial) to reduce statistical variability, seems

warranted.
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APPENDIX

Brief Review of Radar Quantities

The equivalent radar reflectivity factor at horizontal

and vertical polarizations, ignoring attenuation, can be

calculated as

Zh,y 5
l4

p5jKwj2
ð‘
0
shh,yy(D)N(D) dD

5
4l4

p4jKwj2
ð‘
0
jf (b)hh,yy(D)j2N(D) dD and (A1a)

ZH,V 5 10 log(Zh,y) , (A1b)

where Zh,y is given in units of mm6m23, ZH,V is

given logarithmic units of dBZ, l is the wavelength,

Kw 5 (m2 2 1)/(m2 1 2) is a dielectric factor of water

(where m is the complex index of refraction), shh,yy(D) is

the radar backscattering cross section at H and V polari-

zation, f
(b)
hh,yy(D) is the backward-scattering amplitudes atH

and V polarization, and N(D) is the drop-size (or particle-

size) distribution (DSD). For spherical water hydrome-

teors with diameters D , l/16, ZH is proportional to D6.

Differential reflectivity (e.g., Seliga and Bringi 1976)

is usually given in units of decibels (dB) and is simply

defined as

ZDR 5 10 log

�
Zh

Zy

�
5ZH 2ZV . (A2)

In general,ZDR is a measure of hydrometeor shape along

the two polarization planes such thatZDR increases from

near 0 dB for nearly spherical, small raindrops to several

decibels for more oblate, larger raindrops. A distribution

of randomly oriented scatterers of similar shape, size, and

dielectric characteristic (e.g., tumbling hail) will tend to

haveZDR; 0dB. Resonance effects that occur with non-

Rayleigh scatterers can significantly complicate the in-

terpretation of ZDR.

The magnitude of the copolar cross-correlation

coefficient at lag zero [i.e., jrhv(0)j, or simply rhv;

Balakrishnan and Zrni�c (1990)] can be defined as

jrhv(0)j5
hnf (b)hh f

(b)*
yy i

hnjf (b)hh j2i1/2hnjf (b)yy j2i1/2
, (A3)

where the asterisk (*) represents the complex conjugate

operate and angle brackets (h i) represent an ensemble

mean of the enclosed quantity. In general, rhv is a mea-

sure of the regularity of the shape, size, and dielectric

characteristics of the scatterers within the radar volume.

In rain, rhv $ 0.98 at common radar frequencies, and it

generally decreases in areas of mixed-phased pre-

cipitation or hail (e.g., Balakrishnan and Zrni�c 1990;

Straka et al. 2000). In general, nonmeteorological scat-

terers such as biological scatterers (e.g., Zrni�c and

Ryzhkov 1999) and tornado debris (e.g., Ryzhkov et al.

2005; Bodine et al. 2013) are associated with rhv , 0.7.

The specific propagation differential phase can be

calculated from scattering amplitudes as

KDP 5
180l

p

ð‘
0
Re[ f

(f )
hh (D)2 f (f )yy (D)]N(D) dD , (A4)

Where f
(f )
hh (D) and f (f )yy (D) are the H and V forward-

scattering amplitudes and the term in the brackets fol-

lowing Re represents the real part of the difference.

Typically, KDP is calculated as the range derivative of

differential phase (FDP), although additional processing

may be done to remove the effects of the backscatter

differential phase from the total differential phase. In

addition, KDP tends to be insensitive to hail and is often

used to estimate the rain rate based upon the pro-

portionality betweenKDP and liquid water content (e.g.,

Zrni�c and Ryzhkov 1996).
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