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Abstract

Phased array radar (PAR) is widely considered the future for a replacement to the
current operational radar network, NEXRAD. In particular, an all-digital operational
PAR network offers a range of benefits including adaptive scanning techniques, higher
temporal resolution especially via radar imaging modes, and denser vertical sampling
to allow for more complete observations of severe hazard structure and evolution. This
study focuses on the application of future operational phased array radar (PAR) sys-
tems to observe tornadoes and their formation. To best understand the benefits of
a future all-digital operational PAR, we generate synthetic PAR observations from
archived mobile rapid-scan observations collected by the Rapid X-band Polarimetric
radar (RaXPol) to emulate typical operational radar ranges, PAR enabled scanning
strategy effects, and NEXRAD and future possible PAR volumetric update times.

In this study, the synthetic PAR tool is applied to two datasets from RaXPol:
the 24 May 2011 El Reno, Oklahoma, tornado and the 24 May 2016 Dodge City,
Kansas, tornadoes. Range and azimuth averaging is applied over different windows
to emulate different standoff ranges more comparable to operational, fixed-site radars.
Using dealiased velocity data, we analyze the intensity of synthetic PAR tornado vortex
signatures (TVSs) through a measure of the intensity of rotation (AV) plotted as a
function of time and height for each different standoff range. Despite increasingly
coarse resolution, we find similar qualitative trends in the vertical evolution of TVS
intensity even though the magnitude of AV decreases. TVS intensification is found
to occur in an ascending or simultaneous manner, even for data that has undergone
spatial resampling to much longer standoff ranges (e.g., 80 km). Thus, it appears
that detection of rapid TVS intensification occurring in an upward or simultaneous
manner, as seen previously with mobile radars, can be used to detect tornadogenesis
with future operational PARs. Additional work has focused on comparison of expected

PAR revisit times in comparison to NEXRAD volume scan times. Update times of

X1v



60 s or faster are found enhance the data available to forecasters by better capturing
critical evolution steps currently missed at NEXRAD update times (i.e., typical volume
updates every 5—6 min). However, at longer standoff ranges, a slight delay in observing
the TVS intensification is found across tested temporal resolutions. We also observed
some instances at longer standoff ranges where tornado-scale versus mesocyclone-scale
TVS intensification may be occurring in different directions, particularly at 40 s and 5
min updates. Finally, we have analyzed the implementation of focusing, which shows
promising results. Focusing could be used by an operational radar to enable updates
faster than 60 s by targeted observations of specific storms or a region within a larger
storm complex. Ultimately, through understanding the meteorological benefits from
the synthetic PAR data, we should be able to contribute to improved planning for

future all-digital operational PARs and warning decisions for tornadic storms.
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Chapter 1

Introduction

Severe weather hazards, such as tornadoes, pose a significant risk to life and prop-
erty. They also remain a meteorological phenomena still not fully understood and
challenging to predict; thus, they are important for both operational and research me-
teorology. As storm evolution occurs on an advective time scale of ~100 s (Bluestein

! wind speeds)

and Wakimoto 2003) and (assuming a 100 m core radius and ~60 m s~
tornadoes have a shorter advective time scale of ~10 s (Bluestein et al. 2003, 2010;
Tanamachi et al. 2007; Wurman and Gill 2000), it is evident that severe storms and
their associated hazards are rapidly evolving phenomena. Tornadoes also occur infre-
quently and exhibit a wide range of variability from the duration of their life cycles (60
s or less to over an hour) to their intensity (29 m s™! to > 89 m s™!). This rapid evo-
lution and variability increases the difficulty of detecting critical moments to identify
and further understand the structure and evolution of tornadoes. Other phenomena
such as hail and severe wind events are also rapidly evolving, with processes such as
hail melt and drop shedding occurring on the order of minutes to seconds (Ryzhkov
et al. 2013).

One widely used method by operational meteorologists for observing severe weather
hazards and making warning decisions is Doppler weather radar. In the United States,
154 parabolic dish Weather Surveillance Radar - 1988 Dopplers (WSR-88D; Crum and
Alberty 1993b), or the Next Generation Weather Radar (NEXRAD) network, are cur-

rently used by the National Weather Service (NWS) alongside the Federal Aviation



Administration and the Department of Defense to provide weather surveillance. While
this coverage would ideally be continuous and data instantaneously retrieved, a radar
requires a measurable amount of time to collect high-quality observations (Doviak and
Zrnié¢ 2006). To collect data best suited for any ongoing weather phenomenon or clear
air, the WSR-88D network utilizes Volume Coverage Patterns (VCPs; Office of the Fed-
eral Coordinator for Meteorological Services and Supporting Research 2007) operating
as pre-defined scanning strategies providing a balance between important trade-offs
such as data quality, spatial coverage, sensitivity, and the frequency of complete volu-
metric updates.

The average WSR-88D volumetric update time (i.e., time to complete a VCP) is
5-7 min, but can reduce to ~4-4.5 min when the radar is operating on VCP 12 or
212. The OFCM’s Federal Meteorological Handbook has defined required elevation
angles for each VCP use, with Figure 1.1 showing the required elevation angles which
comprise VCPs 12/212. The longer duration to complete a volumetric scan is linked
to the mechanical steering of the antennas in the WSR-88D network. While the Radar
Operations Center has and continues to make improvements to the VCPs available to
NWS meteorologists (e.g., Radar Operations Center 2015), further reducing the volu-
metric update time would reqiure one or more of the following: (a) the elimination of
elevation angles from the pattern, (b) adaptive scanning!, a capability not currently of-
fered by the radar network, or (c) faster rotation speeds, which would increase stress on
the radar’s motors. The closest capabilities of WSR-88Ds to adaptive scanning modes
are AVSET (Automated Volume Scan Evaluation and Termination), SAILS/MESO-

SAILS (Supplemental Adaptive Intra-Volume Low-Level Scan/Multiple Elevation Scan

! Adaptive scanning techniques on fixed-site radars have been tested before. Testbed networks of
X-band radars, known as Collaborative Adaptive Sensing of the Atmosphere (CASA; McLaughlin
et al. 2009) radars, provided distributed collaborative adaptive sensing (DCAS; McLaughlin et al.
2009) to optimize scanning for a variety of weather phenomena as well as targeted sector-scanning.
Results from studies such as Brotzge et al. (2010) have shown the utility in the CASA radars providing
more focused volumetric scans as well as features not otherwise identified in WSR-88D data.



Option for SAILS) or MRLE (Mid-volume Rescan of Low-level Elevations), which have
restricted usage dependent upon precipitation coverage and/or VCP. However, despite
providing additional low-level data, utilizing these scanning modes can lead to an un-
desirable increase in the volumetric update time. As a result of longer volumetric
update times (among other limitations discussed below), the observations collected by
the WSR-88D network may (and, at times, do) miss key moments in capturing the
structure and rapid evolution of severe hazards.

The operating requirements and locations of the WSR-88D radars make it difficult
to capture and understand these infrequent, complex, and dynamic phenomena. Some
limitations of this fixed-side, widely spaced radar network are or relate to: missed near-
ground processes (e.g., from Earth’s curvature effect at increasing distance from the
radar?), obstructions, and decreased likelihood of collecting observations of convection
and tornadoes. Thus, to address these, mobile radar systems have been built and
operated since the late 1980s with the Los Alamos National Laboratory’s (LANL)
portable, continuous wave (CW), 3-m Doppler radar, later modified in 1988 to operate
in the FM (frequency modulated)-CW mode (Bluestein and Unruh 1989). Analyses
of CW Doppler wind spectra collected at relatively close range with simultaneous
photographic and video documentation by the LANL radar in 1990 and 1991 were
first presented in Bluestein et al. (1993). Throughout the 1990s, additional mobile
radars were deployed such as the U-Mass Mobile W-band radar (Mead et al. 1994;
Bluestein et al. 1995) and the Doppler on Wheels (DOW; Wurman et al. 1997). With
further development of technology, new rapid-scan mobile radar systems have been built
since such as the Meteorological Weather Radar 2005 X-band Phased Array (MWR-

05XP; Bluestein et al. 2010), the Atmospheric Imaging Radar (AIR; Isom et al. 2013;

2The CASA radars also sought to address this “sensing gap” through a dense network of closely
spaced X-band radars (McLaughlin et al. 2009).
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Figure 1.1: A visual of the elevation angles scanned by VCPs 12/212 as found in the
VCP Improvement Initiatives from Radar Operations Center (2015).
Kurdzo et al. 2017), the Rapid, X-band Polarimetric (RaXPol; Pazmany et al. 2013)
radar, and the SKYLER (Kollias et al. 2022) phased array radar (PAR). There are
also two new systems scheduled to be completed and operational this year: the all-
digital, polarimetric Horus PAR (Palmer et al. 2019) and the Polarimetric Atmospheric
Imaging Radar (PAIR; Salazar et al. 2019).

While each system has its own unique capabilities, in general, these mobile systems
offer a few key benefits that aid in the study of convective storms and severe hazards.

These include higher resolution (spatial and temporal) and flexible positioning. A few



systems, such as RaXPol and the DOWS, have rapid-scan® capabilities enabling fast
volumetric updates of ~15-20 s while still collecting high-quality data. Even with a
rapid-scan system like RaXPol, it remains difficult to capture all of a tornado’s evolu-
tion. As Bluestein et al. (2003) showed, even with ~10-15 s sector scan updates from
a mobile, W-band radar, there are still missed evolutionary components. Nonetheless,
these radars have been crucial to the continued development and revision of existing
conceptual models, especially related to tornado formation (e.g., French et al. 2013,
2014).

Some of these conceptual models consider a visual cue provided by Doppler radar
that aids in the detection of tornadoes: the tornadic vortex signature (TVS; Brown
et al. 1978). A TVS is a region of persistent, localized, strong shear where azimuthally
adjacent (or gate-to-gate) peak radial velocity values of opposite signs are observed.
Notably, a weak tornado that is rapidly moving towards or away from the radar may
not have radial velocity of opposite signs. While not every tornado has a TVS and the
observation of a TVS is not necessarily a guarantee of tornado formation or an ongoing
tornado, it does provide greater confidence for NWS forecasters when making warning
decisions (Kuster et al. 2015). Previous observations used to explain tornadogenesis
using observations from the WSR-~88D network and mobile radars have found differing
TVS intensification methods. Studies using data from WSR-88D radars have gener-
ally supported a TVS forming aloft and descending to the surface (e.g., Trapp and
Davies-Jones 1997; Trapp et al. 1999; Vasiloff 1993), also referred to as the dynamic
pipe effect (DPE; Leslie 1971). It should be noted that Trapp and Davies-Jones (1997)

did also introduce a bimodal tornadogenesis model, and Trapp et al. (1999) identified

3The definition of “rapid-scan” varies from platform to platform. In this study, with a focus on
RaXPol data, this is a scanning rate defined by Pazmany et al. (2013) as “hundreds of degrees per
second rather than tens of degrees per second” with the latter being a more appropriate definition for
the DOWS. For operational purposes, “rapid-scan” would be defined by a volume scan (or volumetric
sector) collected in 1 min or less.



some non-descending TVSs as well (see Section 2.1.2). More recent mobile radar based
studies have observed a TVS forming at the low-levels (i.e., near-ground) and ascend-
ing or forming in a nearly simultaneous manner (e.g., Alexander and Wurman 2005;
Alexander 2010; Bluestein et al. 2019; French et al. 2013, 2014). Using analysis from
a mobile radar, French et al. (2013) suggested that this descending TVS conceptual
model from operational radars was an artifact of insufficient temporal resolution to
sample the common presence of transient mid-level TVSs (e.g., Burgess et al. 1975;
Brown et al. 1978; Brown and Wood 2012). The observations in these mobile radar
studies only represent an extremely small fraction of tornadoes and are heavily biased
towards mesocyclone-produced tornadoes in supercells in the central United States
preventing generalization of the findings to all tornadoes. The temporal and spatial
capabilities of mobile systems to detect more tornado-scale processes have shown sup-
port for non-descending TVS intensification within the limited focus of these data sets.
This difference in observations, however, should not discount the value and successes of
the WSR-88D network and its value to current NWS operations and warning processes.

As the current operational radar network continues to age, a replacement system
will be needed by 2040 when the current reliable service life of the WSR-88D network
is set to come to an end (Cook et al. 2014). PARs are under scientific evaluation as a
potential future replacement for the radars within the WSR-88D network (Joint Action
Group for Phased Array Radar Project 2006; National Research Council 2002, 2008;
National Severe Storms Laboratory 2020; Weber et al. 2021). One possible system
design would consist of a rotating, all-digital, dual-polarization PAR, which has shown
the capability to meet NOAA’s radar functional requirements discussed in National
Weather Service (2015) (e.g., 1-min volumetric updates, 1° beamwidth). A future all-
digital PAR could provide several enhancements to the detection and study of severe

hazards including adaptive scanning techniques, improved temporal resolution, and



denser vertical sampling through imaging. While the development of this technology
has faced challenges (e.g., dual-polarization; Zhang et al. 2008), numerous studies over
the last 15 years have demonstrated the possibilities afforded by PAR technologies,
which have included analyses of: operational benefits of rapid-scan observations (e.g.,
Heinselman et al. 2008; Kuster et al. 2015, 2016), PAR signal processing techniques
(e.g., Kurdzo et al. 2014; Yu et al. 2007), adaptive scanning capabilities (e.g., Heinsel-
man and Torres 2011; Torres and Schvartzman 2020), and array and dual-polarization
calibration (e.g., Fulton et al. 2016; Ivic et al. 2019) alongside prototype and proof-
of-concept systems such as the ATD (Advanced Technology Demonstrator; Hondl and
Weber 2019).

Current Weather PAR Technology
Surveillance Technology 1 3 2
p =5 Min Data 1
Collection Time 2
; -
A D me
) 9
50 Pulse Measurement C 2 Pulse Measurement  C
Sinusoidal e Modulated B
Puilse Pulse
A Rotating Reflector Antenna A Electronically Scanned Phased Array
B Unmodulated Waveforms B Modulated Waveforms
C 50 Pulses to Measure Weather Characteristics C 2 Pulses to Measure Weather Characteristics
D Volume Scan Time: 5 Minutes D Volume Scan Time: <1 Minute

Figure 1.2: Reprinted from Zrnié¢ et al. (2007), showing basic differences between the
(left) conventional radar with a mechanically rotating antenna and (right) agile-beam
PAR.

A PAR, at its simplest level, is an array consisting of multiple individual radiating
antenna elements with coherently combined signals capable of transmitting and receiv-

ing a pulse of electromagnetic energy. The design and placement of elements in this



array can be modified and adapted to meet different design specifications such as a
desired beamwidth or a stationary versus rotating system. Thus, given this technology
and the flexibility in creating a blueprint for any PAR, it is easy to see how a system
such as this would be significantly different than the current operational radar design.
An overview of some basic differences between current mechanically rotated parabolic
dish radars in comparison to an agile-beam PAR are shown in Figure 1.2. Notably, one
of the most significant differences between these two systems is that PAR technology
is able to form and steer an agile, electronic radar beam instantaneously while also
remaining supportive of mechanical steering in azimuth due to its flexible and scalable
architecture. In contrast, current WSR-88D radars consist of a single parabolic dish
reflector in order to form the radar beam and must be mechanically steered in azimuth
and elevation to complete a full planned position indicator (PPI).

The goal of this study is to further understand the potential benefits a future oper-
ational PAR network can offer to forecasters with respect to detecting tornadogenesis
and intensification. Experiments such as PARISE (Phased Array Radar Innovative
Sensing Experiment; Bowden et al. 2014, 2015; Heinselman et al. 2012, 2015; Tana-
machi and Heinselman 2016; Wilson et al. 2017a) and studies such as Kuster et al.
(2015) and Bowden and Heinselman (2016) have focused on the impacts to NWS fore-
casters and their warning decision process as well as data quality and resolution of
observations across varied convective modes and severe hazards. Work still remains to
understand long-range or PAR enabled scanning strategy effects on data from these
systems. This study seeks to provide insight on these areas while also understanding
any temporal impacts beyond forecaster performance and workload. Therefore, this
study is guided by a broad research question: Can rapid-scan, dual-polarization ob-
servations from an all-digital PAR transform our capabilities to forecast and warn for

tornadoes? To answer this question, our analysis focuses on the following three areas:



(1) spatial resolution impacts, (2) temporal resolution impacts, and (3) PAR-centric

topics (i.e., scanning strategies). Some of the questions with each of these areas are:

e Spatial Resolution Impacts:

— How does varying spatial resolution impact observed tornadogenesis pro-
cesses? Are important AV changes still observed as spatial resolution de-

grades?
— Can significant benefits still be realized when observing mesocyclone-scale
processes?
e Temporal Resolution Impacts:
— What temporal resolution is optimal for a future PAR to observe tornado
formation?
— Do faster update times provided by a PAR impact how tornadogenesis is
observed?
e PAR-centric Topics:
— How do observations of the TVS change when using PAR enabled scanning
strategies in comparison to WSR-88D capabilities (such as the pencil beam)?

— What all-digital PAR scanning modes can enable the optimal temporal res-

olution for a future PAR?

The remainder of this thesis covers material as follows. Chapter 2 gives a back-
ground of literature on the TVS and rapid-scan PAR data and forecaster response.

Chapter 3 provides information about the data and methods used for this project.



Chapters 4 and 5 provide the results and discussion of this project through the anal-
ysis of two individual cases. Chapter 6 gives the conclusions and future work, includ-
ing a discussion of considerations for operational PARs, and upcoming collaborative

projects.
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Chapter 2

Background

This chapter provides necessary background information to support the work in
this thesis. An overview of previous literature is provided related to TVSs in Section
2.1 and prior work with PAR data and NWS forecasters in Section 2.2 to consider the

prospects of future operational PARs.

2.1 The Tornado Vortex Signature

2.1.1 History to Discovery

Throughout the developmental history of Doppler weather radar, a central focus
was placed on the detection of tornadoes or the parent circulation associated with
the tornado. A 3-cm (X-band), continuous wave Doppler radar collected the first
measurement of tornadic winds on 10 June 1958 as a tornado struck El Dorado, Kansas
(Smith and Holmes 1961). Their work provided recommendations for improvements to
future Doppler radar systems, and by the end of 1964, that same radar was modified
into a pulsed Doppler radar (Lhermitte and Kessler 1964). Owing to the attenuation
of 3-cm wavelength radars, the National Severe Storms Laboratory (NSSL) determined
they were unfit for use as a national surveillance network. This lead to the development

of a 10-cm (S-band) wavelength radar.
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With the NSSL’s 10-cm wavelength experimental Doppler radar, a unique Doppler
velocity signature was detected in the mean Doppler velocity data on 24 May 1973 as
a tornado struck Union City, Oklahoma. Brown et al. (1978) coined this signature the
tornado vortex signature (TVS) and noted its utility in detecting a tornado as “local-
ized extreme azimuthal shear in the mean Doppler velocity measurements” across 10
identified TVSs in their 1973-1976 data set. At the time of their study, objective identi-
fication criterion had not been adopted for widespread operational use. Instead, Brown

et al. (1978) provided the following tentative guidelines on identifying the signature:

1

1. An azimuthal shear of at least 20 m s~ over an azimuthal distance of approxi-

mately one beamwidth (typically greater than 1x1072 s71).

2. Signature with extreme Doppler velocity values of opposite sign, after TVS trans-

lation has been removed.

3. Anomalous shear region not more than 1 km in range extent (otherwise it would

indicate a shear line rather than a small-scale vortex).
4. Shear region at least several kilometers in vertical extent.

5. Persistent anomalous shear region at the same general heights for about 10 min

Oor more.

This signature was found to be not detectable when the radar’s gate width was
greater than or equal to the size for the vortex being observed. As a result, due
to limitations in sampling and the variance of size with tornadoes, not all tornadoes
reported will be associated with a TVS (and not every TVS indicates an ongoing
tornado). An additional challenge arises from Earth’s curvature effects that can lead
to beam heights that are too high to sample tornadoes (e.g., strongest tornadic shear

near the ground with the radar beam observing above that shear region would result
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in the radar observations missing that TVS near the ground). Several studies went on
to confirm the existence of the TVS including Wilson et al. (1980), Dunn (1990), and
Burgess et al. (1993).

2.1.2 Tracking Tornadogenesis via TVS Intensification

Observations (detailed in Brown et al. 1978) of the TVS from Union City provided
the first information about tornadoes above cloud base. The signature was first iden-
tified at the mid-levels of the storm, and it worked its way downward to the ground
over at least 25 min (Fig. 2.1). During this 25 min, the TVS increased in magnitude
across all heights as it slowly descended toward the surface and continued to increase
in magnitude until the tornado reached its maximum observed size after tornadogene-
sis. The eventual weakening and decay of the tornado were also observed in the TVS.
These findings were found to an observational fit for descending tornadogenesis via the
dynamic pipe effect (DPE; Leslie 1971). As the installation of the national WSR-88D
network was completed by the mid-1990s, the TVS has been used in operations by
the NWS for the identification of tornadoes, from genesis to decay, in Doppler weather
radar data (Warning Decision Training Division 2022).

Researchers were skeptical and unsure of the exact role, if any, the TVS held in
any recognized tornadogenesis model. Rotunno (1986) notably commented on this

7

confusion stating, “...the appearance of a TVS aloft may not be relevant” and Rotunno
(1993) further commented that “I still do not know where the tornado vortex signature
fits into the picture.”

Results from observational analysis found by Vasiloff (1993) and confirmed in nu-

merical model simulations by Trapp and Fiedler (1995), however, both showed TVS

formation could also occur in a simultaneous, uniform manner across a large depth
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Figure 2.1: Time-height profile of the magnitude of the largest Doppler velocity value
within each TVS (adjusted for TVS motion). Dots indicate data points and dashed
lines represent the limits of data collection. Velocity shears below the TVS detectibility
level are lightly shaded. The black region at the bottom center is the diameter (using
ordinate scale) of the Union City tornado funnel near cloud base. Reprinted from
Brown et al. (1978).

of the atmosphere or via ascent with time. These possibilities directly contrasted the
results dependent on using the DPE to explain descending TVS intensification for tor-
nadogenesis. Trapp and Mitchell (1995) analyzed 16 TVSs observed by WSR-88Ds
and found a 50% split between the TVSs that descended versus those that ascended
or formed simultaneously.

Prior to Trapp and Davies-Jones (1997), a lack of focus had been placed on ex-

plaining the physical processes that might explain a descending TVS. Their study used
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Figure 2.2: (a) Number of descending and nondescending TVSs, given as a fraction
of the total occurring in a given range bin. Box plots of descending and nondescend-
ing TVS attributes, as a function of radar range; (b) peak, pretornadic gate-to-gate
diffrential velocity (m s™1); (c) height of the peak, pretornadic gate-to-gate differential
velocity (km); and (d) lead time (in number of radar volume scans). Open circles
indicate outliers, which are > the upper quartile + 1.5 X interquartile range or < the
lower quartile - 1.5 X interquartile range. Reprinted from Trapp et al. (1999).
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numerical and analytical models to introduce a bimodal tornadogenesis model. Mode
I was linked to a descending TVS while mode II was linked to TVS formation that
ascended or occurred nearly simultaneously across a column depth. Further work by
Trapp et al. (1999) aimed to understand the relative frequency of each mode. Using 52
tornadoes observed by WSR-88D radars, mode I was found to have occurred for 52%
of TVSs while the remaining 48% of T'VSs were associated with mode II (Fig. 2.2).
In contrast to these limited observational studies, however, ascending or nearly
simultaneous TVS intensification has been documented from WSR-88Ds (e.g., Burgess
et al. 2002), Terminal Doppler Weather Radars (TDWRs) (e.g., Dunn and Vasiloff
2001), and mobile Doppler radars. It was with the advent of these ground-based,
mobile radar platforms that more detailed and targeted analysis of TVSs was possible,
particularly the detection of tornadogenesis on a much shorter time scale than with

descending tornadogenesis via the DPE.

2.1.3 Recent Research and Developments

This more recent combination of dynamic scale analysis (Bluestein et al. 2003) and
an increased number of data sets with both visual observations and increased spatio-
temporal resolution data from mobile radar systems (like those discussed in Chapter 1),
particularly rapid-scan radars, has been the focus of several studies on tornadogenesis
(e.g., Alexander and Wurman 2008; Alexander 2010; Bluestein et al. 2010, 2019; French
et al. 2013, 2014; Griffin et al. 2019; Houser et al. 2015, 2022; Kurdzo et al. 2015, 2017;
Snyder and Bluestein 2014; Wienhoff et al. 2020). These studies, among numerous
others, have generally failed to find support for TVS descent via the DPE.

Instead, they have continually found evidence of ascending or almost simultaneous

growth of the TVS across a column depth that occurs on the order of seconds to 1 min.
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Figure 2.3: An illustration, based loosely on the Goshen County supercell, of how
enhanced levels of vertical vorticity within a mid- and low-level mesocyclone might
appear as a descending incipient tornado in WSR-88D data. The black bar indicates
a tornado and the dotted horizontal line marks the level of free convection. Gray
(dark green) shading represents mesocyclone-scale (tornadic) vertical vorticity. Light
green shading highlights areas (top) of locally enhanced vertical vorticity as discussed
in the text and (bottom) where the Trapp et al. (1999) TVS criteria are met based
on the given vertical vorticity distribution. The black dots indicate the approximate
center beam locations from a WSR-88D scanning a storm 60km away using VCP 212.
Reprinted from French et al. (2013).

Perhaps one of the most notable papers on the topic is work by French et al. (2013).
This study worked with three data sets from MWR-05XP, which found one case with
a persistent low-level TVS and contraction (consistent with Alexander 2010) while the

other two TVSs ascended with time. Further, the study made the determination that

the descending TVS feature was an artifact of the poor temporal resolution found with
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WSR-88Ds (Fig. 2.3). This misidentification was largely attributed to large changes
in the TVSs AV that were observed in MWR-05XP data occurring over a “period of
time an order of magnitude faster than the WSR-88D volumetric update time” (French
et al. 2013). This helped to further cement that tornadogenesis was a rapidly-evolving
process in contrast to the longer time required for tornadogenesis via the DPE.
While current research suggests that mode II (non-descending) from Trapp and
Davies-Jones (1997) is the likely manner in which TVS intensification occurs, a recent
study by Houser et al. (2022) has some substantial implications worth considering.
Their work highlighted the lack of a formal definition of what makes a vortex “tor-
nadic” and notes the challenge in developing consistent, quantitative criteria for TVS
identification. As a range of thresholds exist across the literature, even within liter-
ature utilizing mobile radar data, there is a subjective aspect associated with finding
the best fit of threshold for each study. Omne of the conclusions in this work states
that “the interpretation of results may be a function of the methodology, and it raises
the question of when should rotation be considered ‘tornadic™ (Houser et al. 2022).
This determination has often been based on visual reports of a tornado, which might
or might not be reliable. While their sample size remains small and is biased towards
one supercell undergoing cyclic tornadogenesis, they did find TVSs appearing via de-
scending (one case), non-descending (five cases), and both (one case) modes of TVS

intensification according to their tested set of criteria.

2.2 Rapid-Scan PAR Data and Forecaster Response

An S-band PAR previously located at the National Weather Radar Testbed in
Norman, Oklahoma, has served as a testing ground for the development of phased

array technology for meteorological applications (Curtis and Torres 2011; Heinselman
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and Torres 2011; Yu et al. 2007; Zrni¢ et al. 2007). Studies have shown the PAR
was capable of collecting better samples of rapidly evolving severe weather events in
comparison to the WSR-88D radars (e.g., Emersic et al. 2011; Heinselman et al. 2008;
Newman and Heinselman 2012). One notable challenge addressed by these studies was
based on interviews with NWS forecasters in the southern plains. They stated that
forecasters might know how a storm was likely evolving by applying the conceptual
models they were familiar with, but that the volumetric update times of WSR-88Ds
could not capture some of the trends they expected to see.

Heinselman et al. (2012) described the long-term goal for PAR technology as one
that seeks “to understand how new weather radar information provided by rapid scan-
ning might benefit the decision making of NWS warning forecasters.” This led to the
advent of several PARISE studies, as described in Chapter 1. Results from the 2010
PARISE were described in Heinselman et al. (2012), which assessed responses to 43-s
and 4.5-min volumetric update times in team scenarios, with one time assigned to each.
These cases focused on EF-0 and EF-1 tornadoes often missed in warning operations.

In the study, the 43-s team was able to quickly provide and update warnings on the
correct storm for the correct threat using a radar-driven approach. They also noted
they were much more confident in comparison to the usual confidence reported by the
4.5-min team. However, the use of this 43-s data did result in an increased number
of false alarms. Omne 43-s team noted that “they were comfortable using the rapid-
update data during the case because fluid motions matched their expectation of seeing
circulations cycling up and down, and that increased their confidence...” (Heinselman
et al. 2012).

Another PARISE was conducted in 2012, with the primary goal of examining the
validity of the findings with PARISE 2010 (Heinselman et al. 2015). In this case,
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Figure 2.4: Forecasters using rapid-temporal, full-volumetric PAR data had multiple
scans upon which to confidently identify the persistence of features aloft that preceded
tornadogenesis. Differences in warning decisions were then driven by their personal
thresholds for location and strength of key features. Reprinted from Heinselman et al.
(2015).

the PAR data were generally found to improve knowledge of rapid-evolution within a
storm while increasing confidence and reducing stress. However, one of the youngest
forecasters in this experiment found that, while the additional data increased his con-
fidence in warning, it did not help with his decision time, and he issued a warning too
late. In general though, the forecasters were able to adapt the conceptual models and
workflows they were familiar with to make decisions while issuing their warnings with
the PAR data (Fig. 2.4). Ultimately, the rapid-scan capabilities from the PAR data
better allowed for addressing earlier concerns related to applying conceptual models

without sufficient radar data to support those notions. The study found a 20-min me-

dian tornado warning lead time - exceeding the national average lead time for weak
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tornado cases (that are often not observed or warned well) by 7 min (Heinselman et al.
2015).

Kuster et al. (2015) sought to build upon the work done by Heinselman et al.
(2012, 2015), by focusing on a higher-end tornado event. Reaffirming previous work,
the higher temporal resolution offered by the PAR data (70-s) versus the Oklahoma
City, Oklahoma, WSR-88D (4.58-min) allowed for a better analysis of several important
features, including: low- and mid-level mesocyclone cycles, rapid intensification of the
low-level mesocyclone and TVS, and changes in tornado motion and location. These
results were contrary to initial expectations expressed in the study that the rapid
updates may be less beneficial because environmental cues are typically supportive of
tornadoes preceding strong tornado cases (Kuster et al. 2015). Nonetheless, the work
remains promising in showing the utility of PAR data across the range of tornadoes
found in the United States.

The 2015 PARISE expanded to include severe wind and hail events and increased
the sample size of forecasters, regions, and cases to improve the generalization of find-
ings (Bowden et al. 2015; Wilson et al. 2017a). Building upon the results focused on
tornadoes in Heinselman et al. (2015), Bowden et al. (2015) found a statistically signif-
icant increase in lead time for severe thunderstorm warnings when 1-min update PAR
updates were provided. A follow-up study by Bowden and Heinselman (2016) not only
tested the use of 2-min PAR updates but also found the increase in lead time for severe
thunderstorm warnings was driven by the ability of forecasters to observe radar-based
precursors earlier when using 1-min vs 5-min volumetric updates. In addition to ana-
lyzing warning performance, cognitive workload of forecasters was also analyzed Wilson
et al. (2017a). Using subjective instantaneous self-assessment levels, this study showed
a skew towards higher cognitive workload at faster temporal resolutions. However, it

was found that the experience of a cognitive overload was rare.
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The 2015 PARISE was the first to feature focus groups, which allowed forecasters to
share their thoughts and experiences of using the rapid-update PAR data (Wilson et al.
2017b). Results from those groups provided considerations for integrating and using
this rapidly-updating data into operations such as the feasibility of new algorithms,
prioritizing attention to a primary threat, and hands-on training for rapidly-updating
radar data. Following a pilot study by Wilson et al. (2016), an eye-tracking study was
also conducted during the 2015 PARISE. Results from this study in Wilson et al. (2018)
found little difference in the fixation patterns and attention distributions of forecasters
at 1- or 5-min PAR updates. However, this was attributed to the chosen weather
scenario, and Wilson et al. (2018) further noted that additional work to understand
fixation measures for more dynamic events may be useful in continuing operational

meteorology research.
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Chapter 3

Data & Methodology

3.1 Data

This section will provide relevant background information on the radar system that

collected the data sets used in this study.

3.1.1 RaXPol

The data used for each of the cases analyzed in this study were all collected by RaX-
Pol (Fig. 3.1). RaXPol is a mobile, 3-cm wavelength, dual-polarization radar system
operated by the University of Oklahoma with unique capabilities designed around the
need for rapid temporal resolution while maintaining a high level of spatial resolution
to aid in the study of rapidly evolving convective phenomena. Its high-speed pedestal
enables antenna rotation speeds of up to 180° s~! resulting in volumetric update times
of ~16-20 s for 8-10 elevation angles. In comparison to the 2—3 min volumetric update
times of other mobile systems such as the Shared Mobile Atmospheric Research and
Teaching (SMART; Biggerstaff et al. 2005) radars and most of the DOWs; it is RaX-
Pol’s combination of dual-polarization and rapid-scan capabilities that distinguishes its
utility in observing rapidly evolving meteorological phenomena. To collect observations
at such a high speed and mitigate spatial resolution degradation, a signal transmission

and reception technique known as frequency hopping is employed. For this frequency
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diversity technique (Doviak and Zrni¢ 2006), the radar transmits a sequence of uni-
formly spaced pulse-pair signals that, to increase the independence across samples in a
shorter time than without this technique, are shifted in frequency by at least the pulse

bandwidth (Pazmany et al. 2013).

Figure 3.1: An image of the Rapid X-Band Polarimetric Radar (RaXPol) on deploy-
ment, courtesy of Dr. David Bodine

This radar also has the same half-power beamwidth of ~1° found within the WSR-
88D network. When the radar is operating in rapid-scan mode, there is beam smear-
ing that produces an effective beamwidth of ~1.5°. Using this same 1° ‘pencil beam’
maintains a similar resolution of observed storms and hazards across the two differ-
ent systems, with the acknowledgement of some additional limitations for the X-band
system (e.g., attenuation and rapid-scan beam smearing). Table 3.1 summarizes some
of RaXPol’s key system parameters adapted from Table 1 of Pazmany et al. (2013),
which the reader is also referred to for a complete discussion of RaXPol’s specifications

and capabilities.
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Table 3.1: A selection of RaXPol’s key system parameters and specifications. Adapted
from Pazmany et al. (2013).

Parameter Value
Center frequency 9.73 GHz £+ 20 MHz
Transmit power 20 kW peak, 200 W avg
Transmit pulse width 0.1-40 ps
PRT Uniform or staggered
Antenna diameter 2.4 m
Half-power antenna gain 44.5 dB

180° s~ ! azimuthal;
Maximum pedestal scan rate

36° s~ elevation
Range gate spacing 7.5-75 m

Receiver bandwidth 0.5-40 MHz, or custom

Data from RaXPol were chosen for this study as they are an excellent candidate
to serve as the basis for creating synthetic PAR data to emulate future all-digital
PAR benefits. This is due to the higher temporal resolution of the system in addition
to the low-level and spatial sampling capabilities that the system offers. With data
of this quality, the synthetic PAR tool can be confidently applied with the resulting
synthetic data used to investigate and analyze the benefits that a future operational

PAR network may offer.

3.1.2 Case Information

For this study, data are analyzed from two cases observed by RaXPol. Each of

these cases is discussed in their respective sections which follow.
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3.1.2.1 Case I: 24 May 2011 El Reno, OK Tornado

On 24 May 2011, 16 tornadoes impacted the state of Oklahoma. Of these tornadoes,
three were violent and impacted the greater Oklahoma City metropolitan area. The
El Reno, OK EF-5 tornado was one of the three violent (i.e., EF-4 or EF-5) tornadoes

on this day.
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Figure 3.2: Annotated version of Figure 1 from Houser et al. (2015) showing the
Lookeba, OK and El Reno, OK tornado tracks and RaXPol’s location (black star) on
24 May 2011. The red box outlines the time period discussed in this study.

In this study, the analysis focuses on the time period from 2047-2055 UTC. Dur-
ing this period, RaXPol data collected by Dr. Howard Bluestein’s research group are
used to observe the development of a new mesocyclone following a previous tornado
(Lookeba, OK EF-3 tornado; Houser et al. 2015), tornadogenesis, and subsequent in-
tensification. An annotated version of Figure 1 from Houser et al. (2015) is shown as

Figure 3.2 with the red annotations highlighting the time period this study analyzes.
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This case used a scanning strategy that provides volume scans covering eight eleva-
tion angles (4-18° every 2°) approximately every 17 s. There are a couple of limitations
that exist within the data set. The lowest elevation angle available in a volume is 4°
(making lowest elevation ~800 m above ground level or AGL), and following tornado-
genesis there is a brief period of data missing at 2052 UTC for a change in scanning
strategy (for specifics, see Houser et al. 2015, 2016). For the purposes of this project
(explained further in Section 3.2.1), it is important to consider the range gate spacing
and range resolution of the data that were collected. To best emulate the 250 m range
resolution of a WSR-88D radar, this information guides the spatial averaging within
the synthetic PAR data tool. This information and a range of distances from RaXPol

to the tornado are provided in Table 3.2.

Table 3.2: Range gate spacing and distance between RaXPol and tornado for both
Case I and Case II.

Tornado # ) Range Gate Distance Between
Event Time
(as applicable) Spacing RaXPol & Tornado
Case 1 2047-2052 UTC 75 m ~T7.5-12.5 km
Case [ 20522055 UTC 15 m ~4.5-7.5 km
Case 11 4 2319-2322 UTC 30 m ~6.5-7.0 km
Case 11 5) 23212326 UTC 30 m ~6.5-7.5 km

For discussion on the Lookeba, OK tornado as well as additional analysis of observa-
tions and the evolution of polarimetric signatures (e.g., TDS: tornadic debris signature)

seen with the El Reno, OK tornado, the reader is directed to Houser et al. (2015, 2016).
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3.1.2.2 Case II: 24 May 2016 Dodge City, KS Tornadoes

On 24 May 2016, a cyclic supercell thunderstorm produced 13 tornadoes over the
course of 90 min near Dodge City, Kansas, as the storm underwent at least four com-
plete mesocylogenesis “cycles” (e.g., Adlerman et al. 1999; Burgess et al. 1992; Dow-
ell and Bluestein 2002). While a majority were weak and short-lived, there were a
few stronger (EF-2 or greater) tornadoes with each mesocyclone responsible for one
stronger tornado. Of the 13 tornadoes (four mesocyclones) produced by this super-
cell, nine (three mesocyclones) were directly observed with RaXPol (by Dr. Howard
Bluestein’s research group) across two deployment sites, and seven of those had their
full life cycles observed. A map showing the deployment locations and estimated 13
tornado tracks from Wienhoff et al. (2020) with annotations specific to this study is
provided as Figure 3.3. Specifically, RaXPol collected direct observations of tornadoes
1 and 3-10 indicated on the figure. The remaining tornadoes were either reported by
storm chasers, visually confirmed by the RaXPol crew, or confirmed by a post-storm
damage survey.

For this case, the focus is on tornadoes 4 and 5 as identified in Figure 3.3. Follow-
ing post-storm damage surveys, tornadoes 4 and 5 were rated as an EF-0 and EF-2,
respectively. Tornado 4 was only recorded for ~45-60 s, but its entire lifespan from
genesis to decay was captured by RaXPol. Tornado 5 was the strongest tornado for
which tornadogenesis was observed by RaXPol during this deployment. Additionally,
these tornadoes occurred in close succession from the same mesocyclone (M-2 in Figure
3.3). Observations from other supercells which underwent cyclic tornadogenesis have
been found to have weaker, short-lived tornadoes preceding a longer-lived, potentially
stronger tornado (Dowell and Bluestein 2002). In the case of mesocyclone 2, there is

evidence this process occurred across three tornadoes (2-4) before tornado 5. While
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Figure 3.3: Annotated version of Figure 4 from Wienhoff et al. (2020) showing the
tracks of 13 estimated tornadoes produced by four different mesocyclones (color coded).
RaXPol deployment sites 1 and 2 are indicated with red dots and labeled as RaXPol
D1 & RaXPol D2 respectively. The black box outlines the time period discussed in
this study.
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outside of the scope of this study, similar observations are supportive of the same
process occurring with mesocyclone 3 before the formation of tornado 10.

The scanning strategy in this case varied across and within each of the individual
deployments. For both of the tornadoes discussed in this study, volume scans covering
seven elevation angles (0-6° every 1°) are completed every 17-20 s. Similar to case [, a
summary of the range gate spacing used during data collection is provided in Table 3.2.
Notably, given the shorter distance between the tornado and RaXPol, a finer range gate
spacing was used as there was not a need to increase radar sensitivity for a longer range
with coarser range gate spacing (e.g., case I’s first time period).

While also for the sake of brevity, the decision to include only discussion for one of
the weak tornadoes is due to largely similar results found across these weaker tornadoes.
For a complete analysis of the TDS characteristics and evolution across most tornadoes

from this event’s RaXPol deployment, the reader is referred to Wienhoff et al. (2020).

3.2 Methodology

For both cases, a variety of tools have been used to perform analyses. The synthetic
PAR data tool has been a primary focus of this work allowing for simulation of longer
standoff ranges similar to WSR-88D’s long-range scans as well as one PAR enabled
scanning strategy: focusing. An operational radar is unlikely to collect observations
with the resolution of a mobile radar, so the synthetic PAR tool enables the unique
capability to use high spatio-temporal resolution data from RaXPol to emulate the
capabilities of a future operational PAR. Additional tools allowed for more streamlined,
consistent, and repeatable collection of relevant data and calculated parameters (e.g.,
AV) across both the original and synthetic PAR data. The most used tools and

methods for this study are further discussed in the following subsections.
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3.2.1 Synthetic PAR Data Tool

To best analyze the benefits a future operational PAR network may offer using
RaXPol data, slight modification of data sets described in Section 3.1.2 is required. In
this study, spatial degradation via a spatial averaging scheme is conducted to emulate
longer standoff ranges. By doing so, the close-range (e.g., < 10 km) data can be used to
emulate what would be seen at the longer standoff range (e.g., 60 km). The resulting
data are termed synthetic PAR data in this study. A visual overview of this tool’s
process and application to sample data is provided as Figure 3.4, and a more detailed
written description follows below.

The first step in creating the synthetic PAR data is to ingest the data into the
tool. Although this study focuses on RaXPol data, the synthetic PAR data tool has
been designed to be flexible for use with data from other radar systems. Provided data
are in a netCDF/CFRadial file format with variable dimensions of (azimuth, range)
or (range, azimuth) - or can be easily converted - those data can be processed via this
tool. For this study, synthetic PAR data of radar reflectivity factor (Z) and radial
velocity (V,) are generated to analyze the TVS directly. Although the examination of
other polarimetric variables and signatures (e.g., pny and TDS) is outside of the scope
of this study, it is an area for future work.

This tool does not presently have the capability to perform automated velocity
dealiasing. Therefore, all data must be quality checked and confirmed to be dealiased
along with clutter filtering applied, as needed, before being input into this tool. The
data sets used in this study were both previously dealiased as presented in Houser
et al. (2015) and Wienhoff et al. (2020). Once formatted correctly and prepared for

conversion, the data are input into the synthetic PAR tool as is.
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Figure 3.4: A visual overview of the synthetic PAR data tool (left) and PPIs showing
the steps on a sample case emulating a typical WSR-88D standoff range of 80 km using
the 4° V, from 2052:55 UTC in the El Reno, OK case (right).
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The tool has the ability to perform several independent or combined techniques in
the generation of synthetic PAR data. To emulate longer WSR-~88D standoff ranges,
spatial degradation is conducted by applying spatial averaging across both the range
gates and azimuth. Averaging occurs across the range gates in order to match the
WSR-88D radar range gate spacing of 250 m as closely as possible. For example, using
the range gate spacing of 30 m from either tornado in case II (see Table 3.2), averaging
is completed across eight range gates to emulate a 240 m range gate spacing. Azimuthal
averaging is also performed to emulate how a 1° beamwidth WSR-88D would observe
the TVS at a longer standoff range. For example, assuming the distance between
RaXPol and the TVS is 10 km and the user decides to average across 8° in azimuth,
an 80-km standoff range will be emulated. While the data sets used in this study
prevent a perfect match to the WSR-88D specifications, the spatially degraded data
remain a close representation of longer-range data one might see from these radars.
The tool does not presently account for minimum beam altitude changes as a result of
Earth’s curvature (i.e., denial of low-level observations at longer standoff ranges). This
would have an impact on detecting some of the trends analyzed at increasing standoff
ranges. Thus, this is a limitation of the conclusions presented, especially with respect
to the identification of TVS intensification methods. However, this study was primarily
motivated to identify the presence of a TVS with long-range, coarse resolution data
with this limitation to be addressed in continuing work.

In the current version of this tool, the user inputs the number of range gates and
azimuths on which to average spatially. The tool then performs averages within re-
gions fitting those parameters like the illustrative boxes drawn on the PPI shown in
Figure 3.4(b)’s right column. For example, an calculation over three range gates and
four azimuths results in 12 total gates to be averaged. As will be further discussed

in Chapters 4 and 5, this can have important implications to consider for the TVS as
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standoff range is increased. The tool does not presently account for antenna weighting
pattern (i.e., decreased weighting farther from the center of the beam) beyond the ef-
fects already present in the original data. Since Doppler velocities are a power-weighted
average of scatterers’ radial velocities, an additional consideration is made here with
respect to reflectivity weighting of Doppler velocities. Velocities associated with higher
Z are more “important” than velocities associated with lower Z, which is similar to
how this process works naturally where V. is weighted toward high 7 scatterers in the
volume (Doviak and Zrni¢ 2006). A notable limitation exists in this spatial averag-
ing scheme. To truly emulate a NEXRAD radar, the same spatial degradation would
need to also be applied in elevation. However, given the close proximity of RaXPol to
the observed TVSs, the data necessary to perform this averaging (especially at longer
standoff ranges) is not available. The addition of data sets with greater vertical extent
in observations would enable this spatial degradation to be applied in elevation as well.

The synthetic PAR data tool is also capable of emulating one PAR-enabled, adap-
tive scanning strategy: focusing. The radar tool can apply the focusing strategy to the
original or synthetic PAR data. A user specified azimuth of interest is used to emu-
late a focusing scan by updating a 45° azimuthal sector (created by +22.5° azimuth
around the user provided azimuth) at an increased rate and updating the rest of the
azimuths (i.e., those outside the focusing sector) at a slower rate. The simulations an-
alyzed in this study have updated the specified sector approximately at 20-s intervals
and updated the entire PPI approximately every 1 min. Both the sector size and the
update times may be changed to meet user needs, but these values were chosen based
on expected PAR operational capabilities. Of note, there is some drawback to emu-
lating this scanning mode with mobile radar data. As these radars are often deployed
in close-range and providing targeted observations of one storm, they essentially al-

ready provide the benefit of this mode to an operational network. Thus, in this study,
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although focusing will continue to show the benefits of having increased temporal res-
olution, it is limited in showing the utility of targeting one storm or region of interest
in a multi-storm or quasi-linear convective system (QLCS) scenario more likely to be
observed by WSR-88Ds.

After being processed through the technique(s) selected by the user, the data (cur-
rently not back to netCDF /CFRadial) and/or images created by the tool are saved for
the user to analyze. An example PPI showing the impacts of long standoff ranges is
provided on the right column of Figure 3.4(c). The synthetic PAR data tool remains a
flexible framework capable of continued expansion and refinement of its current emu-
lated scanning techniques and WSR-88D standoff ranges. Some of the planned future

additions to this tool are discussed in Chapter 6.

3.2.2 TVS Tool

Built into the visualization for RaXPol’s data, the T'VS tool was designed to allow
for streamlined and consistent collection of the specific data relevant to this study. The
tool relies on code within the visualization tool where range and azimuth are converted
to Cartesian coordinates for plotting. The user clicks the location of the TVS, and then
specifies a range outward from the TVS from which to collect data. Upon completing
these two steps, the tool will automatically save a file with Z, V., diffrential reflectivity
(Zpr), correlation coefficient (pyy), the selected (x,y) points, and a few tool-specific
variables such as the array used to select values only in the defined radius.

The most recent iteration of this tool allows users to go back and re-capture variables
not originally saved using the same threshold and selected (x,y) points. This ensures
consistency in the location that variables are collected from in an otherwise subjective
process. This iteration also allows the use of the same (x,y) points but recalculated to

capture a different radius threshold to confirm that the TVS was completely captured.
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This study uses the traditional proxy of AV for the rotational intensity of the
TVS, calculated as the difference between maximum outbound and inbound V, mea-
surements. The final step of the TVS tool calculates the AV. The consistency and
flexibility of this tool has allowed the minimization of subjectivity introducing error

with respect to finding these maximum values for this calculation.

3.2.3 Simulating Increased Temporal Resolution

In order to answer the questions related to temporal impacts of a future PAR
network, varied temporal resolutions are simulated by introducing a delay between
volumetric updates. Two approaches are investigated to understand the impacts of
varied temporal resolutions: (1) providing a comparison to current WSR-88D radar
capabilities and (2) understanding the benefits of different temporal update rates for
operations (in line with the future system requirements outlined in National Weather
Service 2015). In order to simulate different volume scan times, volumes of data are
removed to temporally downsample the observations. With RaXPol data providing
volumetric updates approximately every 17-20 s, the exact time can between simulated
volumes can vary slightly as with actual operational radars. In this study, we simulate
the increased time to complete a volumetric update by removing volumes of data until
the desired update time is achieved (i.e., removing one volume to simulate an update
taking 20 s longer).

To assess the first point, this study simulates WSR-88D observations occurring on a
5-min volumetric update time. While updates on VCPs 12/212 can update volumes ev-
ery ~4-4.5 min (i.e., faster volume updates compared to the 5-min benchmark update
time), this update time seems reasonable to use beyond just for the sake of simplicity.
Due to the fact that VCPs 12/212 often are also running with MESO-SAILS or SAILS,

which can be implemented to provide up to three supplemental low-level scans, these
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additional scans can actually increase the time required to complete a full volumetric
update. Therefore, a slightly longer update time still fits the project goals well. Addi-
tional studies may be done to emulate the slightly faster 4-4.5 min updates as well as
the additional low-level data.

Given the requirements of the next radar network to have a volumetric update time
of 1-min or less (National Weather Service 2015), the second point assesses a few PAR
enabled temporal resolutions. In this study, analysis is conducted at 20-s, 40-s, and 60-s
update times to capture a range of potential capabilities by an operational PAR. While
the replacement radar must meet these requirements, the ‘rapid-scan’ like capabilities
provided by faster updates might have utility with certain scanning strategies or during
high-impact storms. Thus, while a 1 min volumetric update time seems likely with the
next operational radar network, the results from this study could be used to guide
developing scanning strategies which leverage this increased temporal resolution on a

case-by-case basis.
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Chapter 4

Case I: 24 May 2011 El Reno, OK Tornado

This chapter details the results and discussion related to the 24 May 2011 El Reno,
OK, case. Each of the previously mentioned focus areas for this study have their own

sections in this chapter.

4.1 Spatial Resolution Impacts

The primary analysis related to spatial resolution impacts is centered around the
rotational intensity of the T'VS. This analysis is important in order to determine if there
is still a benefit to rapid-scan radar observations at coarse resolutions. As discussed
in Section 3.2.2, this analysis utilizes the traditional proxy of AV. In order to best
understand the impacts of the synthetic PAR data tool’s various capabilities, analysis
is first performed on the original data set.

In the original data set (Fig. 4.1), observations show that across the time pe-
riod prior to tornadogenesis, as indicated via a tornadic-velocity threshold at 2051:05
UTC (vertical black line), the mid- and upper-level AV of the mesocyclone remained
notably weaker until the tornado formed. An exception to this is found around 2048-
2049 UTC when there is an area of higher AV indicating stronger rotation aloft from

approximately 2.5 km above ground level (AGL) and above.
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Figure 4.1: AV as a function of time and height on the original 24 May 2011 El Reno,
OK data set. The vertical black line represents the time at which all velocities are >55
m s~! indicating tornadogenesis has occurred as in Houser et al. (2015).

At 2049:41 UTC, AV at the low levels — around 0.8 km AGL — begins to steadily
increase. Tornadogenesis occurs shortly after 2051 UTC as the entire column (in con-
trast to the rotation found from 2048-2049 UTC) has rotation that exceeds a tornadic-
velocity threshold of 55 m s™! consistent with that used in Houser et al. (2015). Sub-
sequent to tornadogenesis, there is a marked increase in AV to values exceeding 70-80
m s~ ! across the entire depth of data within 2 min. All AV surpassed the 55 m s~*

tornadic-velocity threshold within a volume scan update time of ~17 s indicating a

TVS forming in a nearly simultaneous manner across the entire depth of the data.
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The rapid evolution of the observed successful tornadogenesis is notable. Without
the fast update times of a radar like RaXPol, these processes would have been missed
completely on a WSR-88D. Additionally, this would support the work completed by
French et al. (2013) suggesting that a descending TVS may be an artifact of insufficient
temporal resolution. Thus, this rapid tornadogenesis suggests that updates on a faster
temporal scale are needed to properly observe tornado formation. This will be further
explored in Section 4.2.

Synthetic PAR data emulating a representative 20-km standoff range serves as the
basis for the next AV analysis (Fig. 4.2). To create these data, spatial averaging
is performed across three or 16 range gates (as discussed in Section 3.2.1) and 2° in
azimuth. For simplicity, the single representative 20-km standoff range value is used.
By stating that the TVS was found to be approximately 10 km away from RaXPol
for most of the data analyzed here, this spatial averaging set-up emulates of how a 1°
beamwidth radar would observe this tornado at the 20-km standoff range. However,
there is an inherent interval of standoff ranges (9-25 km) since the tornado did move
closer to RaXPol. An average reduction of about 7 m s~! in the AV is observed in the
data emulated at this standoff range.

The first observation of the 20 km AV (Fig. 4.2) is the decrease in AV due to the
spatial degradation performed to produce the synthetic data. Despite this decrease in
magnitude, the vertical evolution of the TVS is similar to that seen in the original data
set (Fig. 4.1). At the beginning of the time series, an area of higher AV around 55-65
m s~ ! is seen at heights of 2.5 km and above. Shortly after 2049 UTC, this area of
higher AV diminishes until tornadogenesis occurs. Thus, the observation of transient
intensification of the low- and mid-level mesocyclone (though there is little change in

the low-level vortex below 1 km AGL) is captured when simulating this 20-km standoff
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Figure 4.2: As in Figure 4.1, but here showing the AV for an emulated 20-km standoff
range.

range. While this could possibly be identified as a failed tornadogenesis case since there
was intensification of the mesocyclone, there was a lack of evidence that the low-level
rotation was simultaneously intensifying to otherwise support tornadogenesis.

The vertical black line for assessing tornadogenesis via AV exceeding a tornadic-
velocity threshold remains at 2051:05 UTC. Here, a tornadic-velocity threshold of 55
m s~ ! can primarily be used to identify tornadogenesis has occurred. A few exceptions
exist where some data points are just below the threshold (by ~3 m s7!) at the 6°

and 8° elevation angles before strengthening above the threshold within two volume
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updates (or approximately 34 s). However, it becomes important to consider changes
to the tornadic-velocity threshold selected, especially as this value can change from
event to event as well as from coarser spatial resolution (e.g., broader beamwidth or
greater distance between the radar and tornado; Alexander and Wurman 2008; French
et al. 2013). Consistent with previous work, it seems reasonable to account for this
and slightly lower the threshold to 50 m s™!, as this reduction is well within the
average decrease in AV at this standoff range. Thus, TVS formation still appears to
be occurring in a nearly simultaneous manner across the entire depth of data despite
reduced AV.

The same qualitative trend in rapid intensification is evident after the formation of
the tornado beginning around 2052:32-2052:39 UTC. Across the remainder of the time
series, AV remain high with few exceptions around 1-1.5 km and the 18° elevation
angle (~1.6 km AGL). Again, this process occurs extremely rapidly and well under
the typical WSR-88D update time (within ~2 min) suggesting the need for and the
importance of faster temporal updates than currently provided by operational radars.
Nonetheless, it is encouraging to see the same qualitative trends leading up to and
following tornadogenesis despite the decreased spatial resolution in the data set.

Synthetic PAR data emulating a representative 80-km standoff range serves as the
final AV analysis. Trends in AV at this standoff range indicate a large degradation
in the spatial resolution of the data at this point (Fig. 4.3). For the 80-km standoff
range, analysis is being completed on data that is more representative of a mesocyclone
scale (beam spread of ~1.4 km). Qualitative analysis of planned position indicator
(PPI) scans show data that is significantly degraded in terms of spatial resolution and
observed TVSs identified in previous standoff ranges and the original data are much

broader and weaker than reasonably expected for tornadoes.
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Figure 4.3: As in Figure 4.1, but here showing the AV for an emulated 80-km standoff
range.

A look at the quantitative trends observed in the data set show some disparity
between the AV before and after tornadogenesis. In the time before tornadogenesis
at 2051:05 UTC, there was a reduction from the original AV by ~16 m s~! whereas
this increased to ~29 m s~! for the time period after tornadogenesis (after 2051:05
UTC). A probable reason for this discrepancy is related to the structure of the velocity
field before and after tornadogenesis occurs. Before tornadogenesis, relatively broad
rotation is apparent, and thus spatial averaging has less impact compared to after

tornadogenesis when the vortex is smaller. By considering that more widespread weaker
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velocities were surrounding a tight radial velocity couplet existing over only a 1.5 km
horizontal distance (thus a small region of higher values in comparison to the averaged
area), it makes sense for these otherwise high AV to be degraded more.

Nonetheless, despite this significant degradation and change of scale, there are
important features found in the data. There is still evidence of brief upper-level in-
tensification during the 2048-2049 UTC time frame. Similar to the original data and
the 20-km standoff range, the figure itself shows this area of higher AV (50-55 m s71)
at and above 2.5 km AGL with predominantly weaker AV (25-35 m s~! with some
locally higher values) found at the middle and lower levels, again supportive of a lack
of sufficient rotation at these levels to support tornadogenesis.

A consideration for this standoff range is the reduction of the tornadic-velocity
threshold before moving any further down the time series. There is no support for a
threshold of 55 m s~! as there were no AV at the original tornadogenesis time higher
than this threshold and even fewer than 40% of data points above this threshold after
tornadogenesis. A reduction to 40 m s~! for the tornadic-velocity threshold seems
appropriate here and is in line with previous studies using this speed as the lower
bound for AV tornadic-velocity thresholds. When applied to this data set, all of the
points are above this reduced threshold just one volumetric update slower (2051:22
UTC) than in the original data set (2051:05 UTC). While the intensification across the
entire depth of the column is already supportive of ascending or nearly simultaneous
TVS intensification, further evidence can be derived from the shorter temporal scale
that this intensification occurred on compared to the longer timescale expected for
descending tornadogenesis via the dynamic pipe effect. This pairs with the need for and
importance of rapid temporal updates, as using a volumetric update time customary

of the WSR-88D radars (e.g., approximately 5 min) would have likely tagged this as
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the opposite formation mechanism providing further support of French et al. (2013)
findings.
After 2052 UTC, the intensification is still clear albeit with much lower AV. Here,

! within ~2 min of tornadogenesis and continue

most values are around 55-65 m s~
to increase in strength as the end of the time series is reached. Despite this coarse
resolution exhibiting a short (~17 s) delay in the identification of features from the
original data, the overall results and qualitative trends for this 80-km standoff range
are remarkable. These observations seem to show that tornado-scale (observed in the
RaXPol data and shorter standard simulated data) and mesocyclone-scale rotation are
intensifying at roughly the same rate (the tornado-scale AV is still affecting the AV
in the 80 km data, so some influence is to be expected).

To aid the reader in better understanding and interpreting the output of data from
the synthetic PAR data tool, several PPIs of Z and V, are provided (Figs. 4.4 and 4.5).
Additionally, they provide the same visual that a forecaster would have available to
them when making warning decisions. Three columns of PPIs are provided with one
showing the original data and the other two showing data at the standoff ranges used
so far in this discussion.

The PPIs of Z (Fig. 4.4) confirm that the impacts of spatial averaging increase the
coarseness of data the most at longer standoff ranges. While the data at 20-km appear
to be largely similar to the original data, there is a notable decrease in the resolution at
the 80-km standoff range. Here, while most of the storm’s structure remains intact, it
does become increasingly difficult to pinpoint the location of the hook echo. However,
one can use some of the nearby structure and knowledge of supercells to reasonably find
where this feature may be. In spite of the reduced resolution, even at this long standoff
range, the data available for analysis remain more valuable than initially expected in

this study.
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The PPIs of V, (Fig. 4.5) share similar findings as those above. The identification
of a velocity couplet is easiest with the original and 20-km standoff range data, but
it remains possible to identify it in the coarse data as well. Although, in this case, it
appears that the most intense circulation is present at the 16° elevation angle. The
ease in finding this couplet, however, does underscore the potentially promising use of

future operational PARs to resolve tornadic velocity couplets even at far ranges.

4.2 Temporal Resolution Impacts

Another goal of this study is to suggest a temporal resolution that would perform
well for analyzing rapidly evolving severe hazards on an operational PAR system.
NWS forecasters have also discussed their desire for faster update times between radar
volumes, which has been improved by the development of new VCPs and other changes
to scanning strategies (e.g., MESO-SAILS) in recent years. Previous work by Kingfield
and French (2022) and Cho et al. (2022), NWS forecasters desires (e.g., Heinselman
et al. 2012, 2015), and the goal of this research are key motivating factors in exploring
optimal temporal resolutions for a future operational PAR network. The need for this
has also been evidenced throughout Section 4.1 of this chapter. As analyses of AV
in Section 4.1 showed the difference in temporal scales between tornadogenesis failure
and success, temporal resolution will be an important consideration for any future PAR
network with respect to tornadoes. The project/system objectives for an operational
PAR, with respect to temporal resolution, state a goal of 60 s or less for volumetric
update times (Weber et al. 2021). As the following analysis will show, this seems
sufficient while continuing to improve temporal resolution will provide even greater

insight to severe hazard evolution.
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Figure 4.4: PPIs of Z at the 4°, 8°, and 16° elevation angles on 24 May 2011 at
2051:38 UTC, 2051:42 UTC, and 2051:49 UTC in each row, respectively. Three labeled
columns separate the original RaXPol data (left), data at a 20-km emulated standoff
range (middle), and data at an 80-km emulated standoff range (right) for each of the
elevation angles.
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Figure 4.6: AV as a function of time and height on the original 24 May 2011 El Reno,
OK data set. The vertical black line represents the time at which all velocities are >55
m s~ ! indicating tornadogenesis has occurred. Data are temporally downsampled to
provide volumetric updates on temporal scales of every (a) 5 min, (b) 60 s, (c) 40 s,
and (d) 20 s.

The impacts of temporal downsampling are first applied to the original data set
(Fig 4.6). Four different volumetric update times whereas the base RaXPol dataset
has an update time of ~17 s in the data set. Panels (a)-(d) of Figure 4.6 show 5-min,
60-s, 40-s, and 20-s updates, respectively. Specifics on quantitative AV values and
noted areas of tornadogenesis success and failure are discussed in detail within Section

4.1 and will not be covered here. The analysis discussed here will instead be from

a more qualitative perspective. To examine the benefit of rapid-scan observations,
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a comparison to 5-min updates is first presented to explore how the TVS would be
sampled, in time at least, by a WSR-88D (Fig. 4.6). The first observation is that there
are many fewer data points to analyze. Two volumes of data are available using such
a slow update time. The radar observations miss critical moments of the mesocyclone
development and successful tornadogenesis. If a slight adjustment to the starting time
of the 5-min update period was made to instead begin around the already discussed
2048-2049 UTC upper-level intensification period, our next volumetric update would
suggest a tornado was on the ground already. Tornadogenesis would thus appear to
be occurring via descending TVS intensification rather than the ascending or nearly
simultaneous TVS intensification pattern seen in the full RaXPol data examined by
this study. Consistent with previous work from French et al. (2013), this appears to be
an artifact of temporal aliasing (or at least a result of severe undersampling in time).

To analyze the minimum system requirement of a future operational PAR, a com-
parison to 60-s updates is presented (Fig. 4.6(b)). While the data here are more sparse
in comparison to that found in Figure 4.6(c) and 4.6(d), it is a vast improvement over
the data available with 5-min volumetric update times. In direct contrast to those
slower update times, it remains possible to identify a strengthening low-level meso-
cyclone leading up to tornadogenesis (2049:41 & 2050:49 UTC). Observing the brief
upper-level intensification early on in the time series is a bit more difficult, however,
given there is only one volumetric update within the 2048-2049 UTC window it oc-
curred in. While the exact time of tornadogenesis is not captured here, it is evident
that the intensification of AV, and thus the ensuing TVS, is occurring in a nearly
simultaneous manner with successful tornadogenesis occurring. The 60-s updates also
provides better insight than the 5-min updates on how quickly the tornado is intensi-
fying across all heights after tornadogenesis. Despite being slower than the two faster

update times (discussed in the following paragraphs), the processes leading towards
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tornadogenesis and the rapid intensification which followed are generally observable
here. However, there are still some instances (e.g., the volume scans preceding and
following 2052 UTC) where there are large changes in AV hinting at rapidly occurring
evolution that is not captured. In this case, the data here struggle to capture the actual
formation of a TVS until a tornado is on the ground and intensifying.

A faster temporal resolution possible with an operational PAR is 40-s (Fig 4.6(c)).
While fewer volumes of data are available to analyze than with 20-s updates (Fig.
4.6(d)), the most important features our analysis is focused on are still evident. The
tornadogenesis failure that is observed around 2048-2049 UTC is evident with the
enhanced upper level AV over a low-level area of weaker AV values. Leading up
to tornadogenesis, the intensification of a low-level mesocyclone is seen with this 40-
s update time. With this crucial step captured within the data, tornadogenesis is
still evidenced to be occurring via an ascending or simultaneous TVS intensification
method. The trend in rapid intensification following tornadogenesis is also quite clear
with the volumes updated at this temporal resolution. As with the 20-s updates,
there are still a large number of volume updates that provide information about the
atmospheric processes occurring when sampled at 40-s.

The final temporal resolution of 20-s (Fig. 4.6(d)) is the fastest operational PAR
possibility that is analyzed in this study. Here, there is an abundance of data available
to analyze. All of the areas of interest in this analysis are presented and can be
seen across the time series from tornadogenesis failure to tornadogenesis success and
subsequent intensification. Analysis performed here would still support the finding
from above that TVS intensification is occurring in an ascending or nearly simultaneous
manner. The intensification process is also well sampled. The high number of complete

volumes (13) available across the time series provides a more clear depiction of the
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processes leading to the formation and subsequent intensification of the tornado on an

appropriate time scale.
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Figure 4.7: As in Figure 4.6, but here for AV for an emulated 20-km standoff range.

With analysis of the original data set complete, the 20-km standoff range AV is
examined next (Fig. 4.7). Examining how the TVS would be sampled by a WSR-83D
4.7(a), there is again an obvious lack of volumetric data available at the current WSR-~
88D update time. In the first volume, there are AV around 40-45 m s~! and greater
across most of the column (1.5 km and above). The next volume shows AV continuing
to increase, with the strongest AV still around 1.5 km and above. All points are still

1

above a tornadic-velocity threshold of 55 m s™" in this volume. In both volumes, the
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highest AV are found around 1.5 km and above. However, the vertical extent of our
samples is now more shallow (~3.3 km to ~2.2 km) and is slightly closer to the surface
(~0.9 km to ~0.5 km) as the TVS moved closer to RaXPol. Comparing the AV values
by altitude, the greatest intensification is found around 1.5 km by ~26 m s~! in 5 min.
Intensification is still found closer to the surface noted by a range of AV increases of
~10-22 m s~! in 5 min at similar altitudes. This trend seems to suggest the column is
intensifying nearly simultaneously at most altitudes, but an additional volume may be
helpful in identifying if the strongest rotation originates around 1.5 km and descends
in this case. Thus, at this temporal resolution, it is difficult to definitively resolve the
method of TVS intensification.

The minimum system requirement of 60-s provides the next stage of analysis again
(Fig. 4.7(b)). The data are once again limited in comparison to the 20-s and 40-s up-
date times. However, sufficient data still exist to identify important features that are
missed at the WSR-88D update time (with the exception of the early tornadogenesis
failure as mentioned already in this section). Looking at the volume scans leading up
to and immediately after tornadogenesis occurs, there remains evidence of TVS inten-
sification in an ascending or nearly simultaneous manner. The intensification process is
sampled well here as well. Even without the volumes available at faster update times,
there is little question that this tornado is undergoing rapid intensification shortly af-
ter it is formed. Thus, despite not being the fastest update time simulated here, the
updates provided with 60-s volumetric updates are much more informative.

Simulating temporal resolutions faster than the system requirement begins again
at 40-s (Fig. 4.7(c)). The data remain a marked improvement to those shown in
Figure 4.7(a). Again, at the time of the earlier tornadogenesis failure, updates show

enhanced winds aloft before weakening briefly and intensifying at the lowest levels and

eventually through the entire depth of data leading up to tornadogenesis. The volume
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scan leading up to and after tornadogenesis provide support for identification of TVS
intensification in an ascending or nearly simultaneous manner at this standoff range
and temporal update time. After the data gap at 2052 UTC, the rapid intensification
of this tornado is evident. With some of the intermediary data now removed as a result
of the slower update time, AV jumps from around 50-65 m s~! to around 75-80+ m
s7! over ~40 s. This rapid intensification is exactly why faster temporal updates are
necessary for severe hazards.

The fastest temporal resolution examined is once again 20-s (Fig. 4.7(d)). Data
at this temporal resolution do introduce some doubt as to the TVS intensification
found with tornadogenesis in this case. This is largely driven by the inherent gap in
data sampling during the scanning strategy change. However, there does appear to be
support that the TVS might be classified as downward intensification as higher AV
(65-70 m s71) are located at or above 2 km AGL with lower AV found below. By the
next complete volume scan at 2053:28 UTC, the data have all reached a more similar
AV across the column. The rapid nature of the tornadogenesis process is well captured
and lends support to the faster radar update time simulated. Intensification is also still
clear from the data at this standoff range when sampled at a 20-s update time. The
small amount of data removed from collecting volumes at this update rate do not have
a significant impact on identifying the ongoing tornadic intensification by the end of
this time series.

A final temporal resolution analysis is conducted using AV from the 80-km standoff
range (Fig. 4.8). The lack of data are once again easy to identify amongst the remaining
panels which offer greater insight into what is happening across the plotted time series.
Using the lower threshold and delay mentioned in Section 4.1 for the 80-km standoff

range, the second volume of data shown represents an area of nearly simultaneous
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AV vs. Time and Height - 80 km Standoff Range
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Figure 4.8: As in Figure 4.6, but here for AV for an emulated 80-km standoff range.

intensification. However, paired with the stronger upper-level AV at the beginning
of the time series, this case would likely be miscategorized as tornadogenesis via a
descending TVS intensification method. Higher AV around 50 m s~! are present
aloft with lower AV (< 30 m s™') in the first volume scan. Subsequently, similar
AV are present across all elevation angles by the second volume, which could lead to
interpretation that the mid-level intensifying mesocyclone might have intensified in a
downward manner. This, again, serves as more evidence for the need to have faster

radar updates to better capture and understand the evolution of these rapidly evolving

severe hazards.



The simulation of the 60-s temporal resolution system requirement is examined
next (Fig. 4.8(b)). Here, the “slower” update time still provides a lot of value to a
meteorological discussion. Again, limitations exist in how much can be noted about
the initial brief upper-level intensification, but here TVS intensification is found again
to occur in an ascending or simultaneous manner. Continued intensification is well
sampled as well following the formation of this tornadic rotation. Directly compared
to the 5-min update time, the data presented here are a more clear and complete
depiction of the event than the WSR-88D system’s 5-min update times.

The faster temporal resolution of 40-s is analyzed next (Fig. 4.8(c)). While this
case does a decent job at displaying the tornadogenesis failure, there is a bit of a strug-
gle to identify tornadogenesis as occurring close to when it did. There is a clear area
of reduced AV around 1-1.5 km in the first volume scan shown past the vertical black
line. As the only low-level AV close to the AV at the upper-levels is the 4° elevation
angle, there is less clear support here for the ascending or nearly simultaneous TVS
intensification method and the data are beginning to suggest the possibility of a de-
scending TVS. However, given the coarse nature of these data and the overwhelming
majority of analyses showing otherwise, it seems fair to say this is likely a temporal
artifact likely from the initial selection of the first radar volume. Nonetheless, inten-
sification is well captured near the end of the plotted time series. Though, with this
and our spatial averaging methodology in mind, it seems probable that the rotation
may be found to intensify simultaneously or upward on the tornado-scale but intensify
downward with mesocyclone-scale rotation.

The fastest update time of 20-s is once again examined last (Fig. 4.8(d)). As
with previously analyzed panel (d)s, the features of interest are well sampled here
despite the significant reduction in AV across the time series. The slight delay in

tornadogenesis occurring at such a far standoff range is evident here as all of the AV
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crossing the tornadic-velocity threshold discussed in Section 4.1 is captured here with
the first complete volume update immediately following the vertical black line. But,
this still supports the ascending or nearly simultaneous TVS intensification method.
Similarly, intensification still appears well at this standoff range when sampled with
20-s update times.

It is evident by looking at any of the expected PAR revisit times (20-60-s) that there
is a clear need for faster radar update times if one wants to capture the evolution of
rapidly changing phenomena such as tornadoes. As suggested by mobile radar studies
and the data from this synthetic PAR data tool, the time scale on which tornadogenesis
(via ascending or simultaneous TVS intensification) occurs is too rapid to be captured

and /or confirmed with WSR-88D update times until a tornado is likely already ongoing.

4.3 PAR Scanning Mode: Focusing

This study analyzes one PAR scanning strategy: focusing. The analysis in this
section will examine not only the impact of these modes on the TVS and data quality
but also on the possible use to meet the next-generation system temporal resolution
requirements. The results of two volumes of data at the 4° elevation angle, with each
column representing one volume of the data are provided for analysis (Figs. 4.9 and
4.10).

The analysis of PPIs of Z (Fig. 4.9) shows no degradation or change that appears
in the structure of the supercell. Similar results are seen in V, (Fig. 4.10) with the
evolution of the mesocyclone and TVS as smooth as if data were collected across the
entire 360° azimuthal circle. Contrary to initial expectations, the rapidly updated
sector is only slightly off-put from the rest of the static PPI which remains the same.

Therefore, this does not change the interpretation with respect to TVS identification
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or storm structure analysis. However, another possibility in plotting the results of
focusing is plotting only the updated sector. The best form of visualization for this
technique remains an area for further analysis.

The improved focus and temporal resolution that is capable of being provided as
a result of focusing is helpful in watching the evolution of these features alongside the
evolution of the mesocyclone and TVS features as well. When used in sync with each
other, the reflectivity and radial velocity plots generated here complement each other
well for use in an operational setting.

The power that focusing may provide for a future operational PAR network re-
mains an open question due to the limitations of this project discussed in Section
3.2.1. With sector focused updates around an area of interest (here the area with the
mesocyclone/velocity couplet), focusing would at least be able to potentially provide
more useful updates on a faster temporal scale. The question remains, however, how
the implementation of focusing to sample the evolution of the TVS under such rapid,
focused updates could aid or hinder the warning decision process for forecasters.

Focusing may provide a balanced trade-off between the benefit and burden problem
raised for operational use in Section 4.2 of this chapter. As the faster time scale for
updates here only brings in data from a small, specified sector, forecasters may be less
likely to become overwhelmed by an influx of data. The scanning strategy, akin to its
name, provides only the most important information at that time for analysis. While
outside of the primary goals for this study, there are potential pitfalls to using this
method unrelated to identification of a TVS, and they are addressed below as future
considerations for a focusing scanning strategy in a PAR network.

Focusing could also pair well with meeting mission goals of radar volume update

times of 60 s or less while providing flexibility greater flexibility in scanning strategies
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Figure 4.9: PPIs of Z at the 4° elevation angle on 24 May 2011 at (a) 2050:32 UTC, (b)
2050:48 UTC, (c) 2051:05 UTC, (d) 2051:22 UTC, (e) 2051:38 UTC, and (f) 2051:55
UTC. The figure is designed to be read by column top to bottom. Panel (a) shows
a starting time with panels (b) and (c) showing the 20-s update of the 45° sector of
interest outlined by black annotations. Panel (d) shows another 1-min update with
panels (e) and (f) showing the same 20-s updates as (b) and (c).
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(similar to SAILS mode on current WSR-88D radars) to better capture the rapid
evolution of severe hazards as discussed in Section 4.2. While 60-s update times were
sufficient for most of the analysis, there was a clear benefit to the addition of more
data from the 20-s and 40-s update times shown. With tornadogenesis occurring in
such a rapid and short window (within approximately one volume scan, or about 17 s,
in this case), these 20-s sector scan updates capture evolution of those tornado scale
processes that are otherwise missed.

However, limitations do exist with these conclusions. While it is likely that the
greatest benefit from focusing would come with targeted sampling of a particular region
within a storm (e.g., mesocyclone), practical limitations must be considered. With a
rotating PAR, focusing is much less likely to be used, at least in azimuth, since it would
still require the radar to make a 360° azimuthal rotation to sample the smaller sector
again. As the radar would still be spinning continuously across the entire azimuthal
circle in this case, it begs asking what the utility would be for these scans unless you
sped the radar up to recapture the sector. However, that would ultimately result
in a greater amount of stress to the radar’s motors and likely reduce the time needed
between repairs and replacement. But, focusing could be used for data quality purposes
to allocate pulses to areas of higher interest that are within the PAR’s field of view.
Additionally, focusing could be implemented in the vertical to avoid scanning high

altitudes where no echoes are present in the absence of storms.
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Chapter 5

Case II: 24 May 2016 Dodge City, KS Tornadoes

This chapter details the results and discussion related to the 24 May 2016 Dodge
City, KS case. Each of the previously mentioned focus areas for this study have their
own sections in this chapter. The format of analysis is similar to that of Chapter 4,

but in this chapter there is separate analysis given on tornado 4 and 5, as identified in

Figure 3.3 and in Wienhoff et al. (2020).

5.1 Spatial Resolution Impacts

This layout of this section once again provides primary analysis of AV followed by

a discussion of PPIs of Z and V,.

5.1.1 Tornado 4

Unlike the other tornadoes analyzed in this study, the entire life cycle of this tornado
was captured by RaXPol. Although this was a weak tornado and dissipation is beyond
the scope of this study, it does provide motivation to analyze more cases (across varied
intensities) with observations of an entire tornadic life cycle to note potential benefits
and signatures across its evolution.

Analysis of AV, from tornado 4’s original data, highlights a few differences worth
noting in comparison to case I (Fig. 5.1). There are three vertical lines indicating the

time of tornadogenesis via a tornadic-velocity threshold of 60 m s™! (2319:49 UTC),
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observations (2320:26 UTC), and the time of dissipation (2321:21 UTC) from left
to right. Another notable difference to the previous analysis performed with case I
relates to the altitudes observed. Observations from this case were collected at much
lower elevation angles than in case I, resulting in a much lower height AGL. Thus,
in any discussion herein that uses the term upper-level will only be indicative of the

atmospheric conditions up to 0.8 km AGL.
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Figure 5.1: AV as a function of time and height on the original 24 May 2016 Dodge
City, KS data set for tornado 4, as identified in Wienhoff et al. (2020). The first
vertical black line represents the time at which all velocities are >60 m s~! indicating
tornadogenesis has occurred as in Wienhoff et al. (2020). The second vertical black
line represents the time at which tornadogenesis occurred via observations. The third
vertical black line indicates when the tornado dissipated.
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Tornado 4 was preceded five minutes earlier by another short-lived, weak tornado.
The TVS sampled remained fairly strong at the lowest elevations while remaining be-
low the tornadic-velocity threshold of 60 m s™* (not shown) at the highest elevations
until 2319:49 UTC. At this time, all sampled AV were >60 m s~!, indicating tornado-
genesis had occurred utilizing the tornadic-velocity threshold. Notably, the same trend
of stronger AV near the surface and weaker AV aloft (with the 6° elevation angle
(~0.75 km AGL) at 2320:22 UTC sticking out as an outlier ~10 m s~* lower than
surrounding values) continues to be observed until shortly after 2320:30 UTC, when
visual observations identified tornadogenesis. Wienhoff et al. (2020) discusses that this
weakness that is observed lacked support from higher aloft to generate a longer-lived
vortex. Nonetheless, it is easy to identify in this case where the T'VS intensification ap-
pears to occur simultaneously within the first four elevation angles sampled by 2319:49
UTC and slowly ascends as you move closer to the tornadogenesis time identified by
observations.

The entire duration of tornado 4 varies slightly depending upon the method chosen
for identifying tornadogenesis. It is ~45-60 s based on AV only and ~30 s from only
the observational record. This serves to underscore a challenge recently discussed by
Houser et al. (2022), which highlights the lack of a formal definition for a “tornadic”
vortex and the variance of such a definition from study to study within the field. In
addition, the rapid evolution of this tornado underscores the need for faster temporal
updates to properly observe weak tornadoes, with these impacts further discussed in
the following section. This would be completely unobservable with a WSR-88D radar.
Considering a notional PAR with 1-min updates, this would only be sampled once. So
while it could be detected at that temporal resolution, this is a case where 20-s updates

are likely be useful.
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Synthetic PAR data for a representative 13-km standoff range serves as the basis for
the next AV analysis (Fig. 5.2). To create these data, spatial averaging is performed
across 2° in azimuth and eight range gates. Using an approximate 6.5 km distance
between the TVS and RaXPol provides an emulation of how a 1° beamwidth radar
would see this tornado at a 13-km standoff range. The complete interval of standoff
ranges, 13-14 km, is much smaller than with case I given the short distance between

RaXPol and the TVS during this deployment.
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Figure 5.2: As in Figure 5.1, but here for a 13-km emulated standoff range. Also, the
vertical black lines remain in the same locations as those in the original figure for direct
comparisons, even as AV decreases below the original thresholds listed.
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Similar to the closer standoff range analyzed in case I, there was a more uniform
decrease in AV across the observed time series by ~9 m s~!. Thus, an obvious degrada-
tion in AV is observed due to the spatial degradation needed to generate the synthetic
PAR data. But, it is slightly more than the ~7 m s~! decrease observed in case I, with
the exception of the point at 2320:22 UTC. This point seems to have had influence
from some nearby higher V, values, which provided enough influence in the averaging
to result in a slightly higher AV in comparison to the surrounding reductions. Thus,
this value likely results in a slightly lower average reduction than otherwise would be
found across the time series. The 60 m s~! tornadic-velocity threshold still holds fairly
well for the data in the lowest elevation angles, but begins to fail at higher elevations. A
reduction in this threshold by the observed average decrease fits the remaining upper-
elevation data well (not shown) in still identifying tornadogenesis via AV at the first
vertical black line.

Nonetheless, despite this decrease in AV, a similar qualitative trend in the formation
and dissipation of this tornado remains. The AV prior to 2319:49 UTC (not shown) are
reduced such that TVS intensification appears to occur in only an ascending manner
at this standoff range beginning at that time and continuing until 2320:26 UTC. After
that time, all AV remain >60 m s~! across the depth of the column for two volume
scans.

Around 2321:09-2321:16 UTC at ~0.3-0.7 km AGL (or the 2-5° elevation angles), a
weakening in AV is found. Values here begin to approach a reduced 50 m s~! threshold
and are below the original tornadic-velocity threshold. Thus, signs of weakening and
dissipation become evident a volume scan earlier in the synthetic data than in the orig-
inal data. This same area of AV continues to weaken after 2021:21 UTC representing

the continued decay of this tornado.
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The synthetic PAR data emulating a 52-km standoff range serves as the final AV
analysis for tornado 4. This represents a 6.5 km distance between the TVS and RaXPol
with spatial averaging across 8° in azimuth and eight range gates. The complete interval
of standoff ranges remains small again, only 52-56 km.

Unlike the longer standoff range (i.e., 80-km) observed in case I where there is a
difference in the observed reduction in AV prior to and after tornadogenesis, that is

1

not found here. Instead, there is an average reduction by ~13 m s~ only about 4 m

s~! more than the closer standoff range. As a result of this observation, it seems that
the impact of spatial averaging lessens for weaker tornadoes across all standoff ranges
(also seen at 26-km, not shown) in comparison to stronger tornadoes. A reduction in
the overall range of values is also seen, making it more difficult to see trends in tornado
intensity. Recalling the case context described in Section 4.1, and considering it in
comparison to that of a weaker tornado, this makes sense. The overall V, field for this
tornado was weaker, alongside the weaker velocities that are found in a couplet, which
reduces the chance for significantly decreasing more extreme values as found in case 1.

These results (Fig. 5.3) do highlight an area of challenge for longer-range observa-
tions with respect to weak tornadoes. In this case, the AV across all sampled elevations
are within an ~18 m s~! range. But from a purely visual look at the given figure, it
is easy to see how visually analyzing the output from the simple AV calculation may
lead to difficulties in properly analyzing the rotational intensity present. All AV shown
from 2319:49 UTC onward are still >50 m s~!, except for the 6° elevation angle. An

1

increase in the AV in the next volume occurs at all levels by ~2-10 m s™', with an

average of 4 m s™L.

Similar slight weakening (~2-5 m s™!) occurs in the following
volume coincident with the second vertical black line at 2320:22. This lost strength is

regained in the following volume and sustained across the remainder of the time series.
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Figure 5.3: Asin Figure 5.1, but here for a 52-km emulated standoff range. The vertical
black lines remain in their original locations as detailed in the caption for Figure 5.2.

The same weakening found at the 13-km standoff range remains (by about 10 m s™1)
is exhibited in the final volume shown from ~0.1-0.7 km AGL, with some weakening
evident in this same layer a volume earlier but only by 2-5 m s~

To provide a better idea of the output from the synthetic PAR data tool as well
as the radar images a forecaster would actually see, several PPIs at different elevation
angles are provided for both Z and V, (Figs. 5.4 and 5.5). Within each column,

there are three elevation angles providing the PPIs for the original data alongside the

synthetic data for the two standoff ranges used in this case, 13-km and 52-km.

68



Original 13-km Emulated Range 52-km Emulated Range
(9)

@ 4 Reflectivity at 0’ Reflectivity at 232026 UTC

'

dBZ

Meridonal Distance (km)
Meridonal Distance (km)
8
Meridonal Distance (km)

-15 -10 -5 U -15 -10 -5 0
Zonal Distance (km) Zonal Distance (km)
(h 4 i
dBZ 3 Reflectivity at 232034 UTC

(e) 3 Reflectivity at 232034 UTC dBZ
- Ed

Meridonal Distance (km)
Meridonal Distance (km)
8
Meridonal Distance (km)

-15 -10 -5 0 -15 -10 -5 0 -15 -10 -5 0
Zonal Distance (km) Zonal Distance (km) Zonal Distance (km)
dBZ

(C) 6 Reflectivity at 232041 UTC dBZ (I) 6 Reflectivity at 232041 UTC
s i =

" v

(f) 6 Reflectivity at 232041 UT

Meridonal Distance (km)
Meridonal Distance (km)
8
Meridonal Distance (km)

-15 -10 -5 0 -15 -10 -5 0 -15 -10 -5 ]
Zonal Distance (km) Zonal Distance (km) Zonal Distance (km)

Figure 5.4: PPIs of Z at the 0°, 3°, and 6° elevation angles on 24 May 2016 at 2320:26
UTC, 2320:34 UTC, and 2320:41 UTC in each row, respectively. Three labeled columns
separate the original RaXPol data (left), data at a 13-km emulated standoff range
(middle), and data at an 52-km emulated standoff range (right) for each of the elevation
angles.
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Figure 5.5: As in Figure 5.4, but here PPIs of V,. The black circle denotes the TVS

of interest.
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The PPIs of Z (Fig. 5.4) again show the impacts of spatial averaging become
more obvious at longer standoff ranges. In comparison to the original data, the 13-
km standoff range data look relatively similar to smoothed radar data. All of the
important features, notably the hook echo containing the tornado, remain prominent
and visible for analysis. There are minimal impacts to the remainder of the data shown
there. However, in the 52-km data, the structure of the storm and its features (i.e.,
hook echo) are not as easily discernible. The general structure of the supercell remains
intact, and while not as clear as the 13-km data, one may be able to still identify where
a hook echo feature would be on the data.

The PPIs of V, (Fig. 5.5) display similar patterns for recognition. To familiarize
the reader, tornado 4 was located within the TVS nearest the center of the figure (i.e.,
closest to RaXPol). The TVS farther away from the radar is the ongoing tornado 1, and
does have some velocity aliasing. Once again, the closet standoff range of 13-km still
reflects data that merely looks to smoothed with a well identifiable TVS still present.
Notably, however, in contrast to the more difficult to discern hook echo found in Z in

the 52-km standoff range data, the TVS nearest the radar is still clear to identify.

5.1.2 Tornado 5

In comparison to the previous tornadoes already introduced and discussed in this
study, tornado 5 represents a tornado in more of the middle of the EF scale. As a
stronger tornado in this supercell, it was preceded by two previously weak tornadoes,
both of which were from the same mesocyclone.

Analysis of the original data holds a similar pattern as previous cases (Fig. 5.6).
Similar to tornado 4, there are two vertical black lines indicating the time of tornado-

genesis via a tornadic-velocity threshold of 60 m s™ (2321:57 UTC) and observations
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Figure 5.6: AV as a function of time and height on the original 24 May 2016 Dodge
City, KS data set for tornado 5, as identified in Wienhoff et al. (2020). The first
vertical black line represents the time at which all velocities are >60 m s~! indicating
tornadogenesis has occurred as in Wienhoff et al. (2020). The second vertical black
line represents the time at which tornadogenesis occurred via observations.

(2323:11 UTC). The same range of lower elevation angles and heights AGL are found
here as with tornado 4.

Tornado 5 was preceded by tornado 4, and the associated AV had already intensified
rapidly at the lowest elevation angles (0-2° or ~0-0.2 km AGL) following the dissipation
of tornado 4. Compared to the AV seen with tornado 4’s original data, these AV are
indicative of a stronger and more intense rotation ongoing.

At the first vertical black line (2321:57 UTC), all of the plotted AV passed a

tornadic-velocity threshold of 60 m s™! as defined by Wienhoff et al. (2020). Notably,
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this study stated that despite the presence of these relatively strong AV values, the
tornado was not ongoing at this time. Once again, this further exemplifies the subjec-
tive problems discussed in Houser et al. (2022) related to the challenge in identifying
tornadogenesis via a tornadic-velocity threshold, pseudo-vorticity, or similar metric.

Nonetheless, this area of relatively intense rotation is confined near the ground
at first and slowly builds upwards to 0.8 kmm AGL until there are similar AV found
across the column of data by 2322:16 UTC. These AV remain steady as with in time
moving towards the second vertical black line (2323:11 UTC). After this point, there is
some weakening found in the lower elevations (below 2° or 2 km AGL), but elevations
above that point have continued to maintain their intensity. This trend persists and
slowly builds upwards into the 3-5° elevation angles between 2324:24 and 2325 UTC
volumetric updates. However, as this weakening moves upwards, the lower levels begin
to rapidly reintensify. By 2325:19 UTC volume update, the entire column has rapidly
reintensified and finally returns to AV >70 m s~!. The time period after this continued
to see rapid intensification of the tornado.

Synthetic PAR data emulating a 15-km standoff range serves as the basis for the
next AV analysis (Fig. 5.7). The data were created by performing spatial averaging
across 2° in azimuth and eight range gates. Here, using an approximate 7.5 km distance
between RaXPol and the TVS (as the distance between RaXPol and the TVS was closer
to this distance longer in the selected time range), emulating how a 1° beamwidth radar
would see this tornado at a 15-km standoff range. The full interval of standoff ranges
represented remains small at 13-15 km.

The decrease in AV is relatively uniform across the time series. Some exceptions
exist where with weakening period found after 2324 UTC with decreases closer to 12 m

s, but there is not a large disparity between before and after tornadogenesis as found
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Figure 5.7: As in Figure 5.6, but here for a 15-km emulated standoff range. Also, the
vertical black lines remain in the same locations as those in the original figure for direct
comparisons, even as AV decrease below the original thresholds listed.

in case I. Nonetheless, the effects of spatial degradation are evident with these reduced
values. However, evidence remains in support of a TVS ascending with time after
2321:57 UTC, once again consistent with previous mobile radar studies and findings in
this study.

The weakening of the lowest elevation angle’s AV is also well captured in the
synthetic data. Pockets of weaker AV building upward from the surface to ~0.7 km
AGL are also still captured in these data. The rapid re-intensification that occurs at
the end of the time series in Figure 5.6 is still seen in these synthetic data. While there

is evidence of intensification (by ~20-30 m s71), it is slightly weaker than before and
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there are more areas around 0.3-0.6 km AGL which are still noticeably weaker than
those AV above and below.

The synthetic PAR data emulating a 60-km standoff range serves as the basis for
the final AV analysis (Fig. 5.8). These data use the 7.5 km distance between RaXPol

and the TVS as well as averaging across 8° in azimuth and eight range gates.
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Figure 5.8: Asin Figure 5.6, but here for a 60-km emulated standoff range. The vertical
black lines remain in their original locations as detailed in the caption for Figure 5.7.

Similar to tornado 4, there is not a discrepancy at this longer range between times
before and after tornadogenesis. It is recognized that this may be a result of the

limitation in collecting much data to use in the “before” tornadogenesis time frame.
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Instead, visually, there is a much more significant decrease in the AV, which is an
average ~18 m s~! decrease across the time series.

Despite this significant degradation in AV, however, a generally similar qualitative
trend of intensification remains visible shortly after the first vertical black line. As with
earlier longer standoff ranges, a slight delay (again by one volume scan) in detecting
this TVS intensification through AV is found, in comparison to the original data. At
this longer standoff range, however, the rate of this intensification is even shorter and
weaker with AV stabilizing around 2322:24 UTC through the remainder of the time
series. This means that these data are unable to resolve the weakening moving from
near surface up through 0.6 km AGL (2324-2325 UTC) as found in the previous two
figures for this case. There is, however, some intensification, albeit with the same
pockets of weaker AV mentioned with the 15-km standoff range, evident on the final
two volumes of data plotted. The intensification is most evident at the 0-2° and 5-6°
elevation angles.

As with tornado 4, another set of PPIs at different elevation angles for Z and V.,
are provided (Figs. 5.9 and 5.10). The same format holds, except now the standoff
ranges shown are 15-km and 60-km.

The PPIs of Z (Fig. 5.9) reveal the same relationship as previously shown between
the closer and farther away standoff ranges. The 15-km standoff range data still pri-
marily has a smoothed appearance, and the area of interest (hook echo) remains visible
across all elevation angles. While the hook echo is certainly less distinct in shape at
the 0° elevation angle when looking at the 60-km standoff range data, it does become
more difficult to observe at the 3° and 6° elevation angles, but a trained eye may still
detect some of the structure and identify the hook echo. A practical consideration,

and among the future work for this project, is what the lowest elevation angle would
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Figure 5.9: PPIs of Z at the 0°, 3°, and 6° elevation angles on 24 May 2016 at 2323:11
UTC, 2323:19 UTC, and 2323:26 UTC in each row, respectively. Three labeled columns
separate the original RaXPol data (left), data at a 15-km emulated standoff range
(middle), and data at an 60-km emulated standoff range (right) for each of the elevation

angles.
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Figure 5.10: As in Figure 5.9, but here PPIs of V,. The black circle denotes the TVS
of interest.
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actually be at that point in range. Therefore, it is important to consider that it is
more likely that a PPI which looks like the 3° or 6° elevation angle would be the lowest
elevation for analysis.

The PPIs of V, (Fig. 5.10) show the same basic patterns as found in tornado 4’s
PPIs (Fig. 5.5). The velocity couplet remains the closer one, and across both the 15-
km and 60-km synthetic data, a clear couplet can still be identified, providing further
support for the utility of long range observations with a future operational PAR. Given
the promising results here for the identification of a possible TVS via these PPIs, a
similar study looking at the polarimetric variables could provide insight on the utility
of long range observations with polarimetric variables associated with a TDS, such as

Pry and Zpg.

5.2 Temporal Resolution Impacts

Challenges inherent to the evolution of this cyclic supercell limit the extent of some
discussion provided in this section. However, this aspect remains important to the
study, and a complete analysis is provided on the data available for analysis with

respect to these inherent limitations.

5.2.1 Tornado 4

For this specific tornado, only 2 min of data were able to be collected. This was a
common trend across the weaker tornadoes found in the data set as (1) their duration
was inherently shorter and (2) the cyclic behavior of the parent supercell producing
these weaker tornadoes in rather quick succession ahead of the stronger tornadoes found
in the data. As this tornado was both preceded and succeeded by other tornadoes, the

data available to sample specifically related to tornado 4 for the purposes of this study
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was reduced. The trend existed across all of the short-lived tornadoes present in the
data as an inherent limitation present from the actual storm dynamics. As a result,
analysis of a 5-min update time is impossible in this case. While analysis was completed
at 20-s, 40-s, and 60-s volumetric updates, the results were increasingly limited as the
update time increased. The results to be gained from these plots are minimal, so they
are not included in this thesis. However, a brief discussion of overall results from them
is provided below.

Even at its longest possible duration of 1 min, this tornado would likely have been
missed by a WSR-88D radar. If a future radar operated with 60-s volumetric updates,
its utility would be greater in comparison to current radars, but it would still remain
limited for short-lived tornadoes. While one volume of data might indicate a tornado
is on the ground at these update times, it would fail to capture the evolution in either
intensification and/or dissipation without update times of 20-40-s.

The need for faster volumetric updates remains equally important whenever con-
sidering the temporal updates on the spatially degraded data. In this case, as one
might expect, the increase in volumetric updates available at higher temporal resolu-
tions would be most helpful in attempting to detect these weaker tornadoes at long
ranges.

Nonetheless, this case further supports the need for rapid temporal updates to be a
priority to identify tornadogenesis across the range of intensities found with tornadoes.
Without a rapid-scan system like RaXPol, this tornado would likely have only been
verifiable via observations and not through Doppler radar analysis. These same results,
although not presented here, are found across the remaining weak tornadoes in the data

set.
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5.2.2 Tornado 5

Similar to tornado 4, ~4 min of data are available for analysis, so there is a lack
of data in this particular set to emulate a 5-min volumetric update time. Therefore,
analysis will instead be performed on the possible capabilities for a future PAR: 20-s,
40-s, and 60-s.

The impacts of temporal downsampling are first applied to the original data set
(Fig. 5.11). As in Section 4.2, the analysis presented here will be qualitative with
quantitative analysis provided in Section 5.1.2 of this chapter.

To analyze the minimum system requirement of a future operational PAR, a com-
parison to 60-s updates is presented (Fig. 5.11(a)). There is an evident lack of data in
comparison to the other two panels. However, there are more volumes of data available
than otherwise could be seen with 5-min update times (i.e., two volumes). In this case,
the 60-s update actually well at capturing the TVS intensification across all sampled
volumes. Additionally, the growth of the TVS is consistent with mobile radar studies
by beginning near the surface and appearing across the entire column in the next up-
date. Notably, the 60-s updates do miss the period of weakening otherwise seen near
the end of the plotted time series.

To examine the PAR capabilities of updates faster than the system requirements,
a 40-s temporal resolution is emulated (Fig. 5.11(b)). Only one more volume of data
are available than with the 60-s updates in panel (a), which is not a vast improvement.
More important to consider here is the impact this temporal resolution has on the data
that are sampled by the radar. In this case, the radar once again captures intensification
beginning near the surface and moving upward across the entire column in one volume
update. However, in the next two volume updates, weakening is found near the surface

and further weakening from near the surface to ~0.55 km AGL, respectively. The final
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Figure 5.11: AV as a function of time and height on the original 24 May 2016 Dodge
City, KS data set, using tornado 5 as identified in Wienhoff et al. (2020). The first
vertical black line represents the time at which all velocities are >60 m s~! indicating
tornadogenesis has occurred. The second vertical black line represents the time at
which tornadogenesis occurred via observations. Data are temporally downsampled to
provide volumetric updates on temporal scales of every (a) 60-s, (b) 40-s, and (c) 20-s.
volume update once again shows the intensification of AV across the entire column.
Though, this time, it becomes more likely to appear (though difficult to completely
conclude) that the intensification of the TVS built downwards from 0.7 km AGL. This
would be in contrast to previous mobile radar studies and results seen in the other
results in this study with respect to the original data.

The capabilities of an even faster temporal resolution is provided through an em-

ulated 20-s temporal resolution (Fig. 5.11(c)). The most data (i.e., full volumetric
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updates) are available at this temporal resolution. Once again, the beginning of the
time series reflects TVS intensification occurring in an ascending manner. The weak-
ening present between 2324-2325 UTC is observed at this resolution. Once again, as
with panel (b), there is some difficulty in identifying the TVS intensification method
noted between the final two volumes shown. However, it would seem to imply that the
TVS likely descended just as seen with the 40-s resolution.

Data from the 52-km standoff range are are also examined at the 60-s, and 40-s,
and 20-s temporal resolutions (Fig. 5.12). As the number of volumes and their location
across the time series remain the same as the analysis on the original data, focus is on
similarities and differences found between the two.

The minimum system requirement temporal resolution of 60-s is simulated first
(Fig. 5.12(a)). In this case, weakening across the first three volume at the 0° elevation
angle is evident, with restrengthening occurring in the final volume. Otherwise, across
much of the first three volumes shown, visually, there is little change and the entire
field has a homogeneous appearance. There is not any indication of a weakening
period between 2324-2325 UTC as seen in the original data. At this resolution, it is
difficult to ascertain the TVS intensification method with these volumes, though it is
acknowledged that this may be an artifact resulting from the selection of the initial
volume time.

A 40-s temporal resolution again provides updates faster than the system require-
ments (Fig. 5.12(b)). Much of this panel carries similar visual characteristics to panel
(a). There is a decrease of the AV at the 0° elevation angle across the first four vol-
umes while there is an increase at the 5° and 6° elevation angles across the first three
volumes before eventual weakening in the final two. The remainder of the elevation

angles carry similar values, and there is once again a lack of indication there is any
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Figure 5.12: As in Figure 5.11, but here for AV for an emulated 60-km standoff range.

weakening process occurring between 2324-2325 UTC. Within the last volume, there
appears to be support for intensification beginning to take on an ascending manner,
though this is limited by the lack of an additional volume in the time series to confirm
this.

A 20-s temporal resolution provides an emulated PAR scan at the highest resolution
tested (Fig. 5.12(c)). In contrast to the other two resolutions used at this standoff
range, the 0° elevation angle appears to intensify across the first two volume scans

before weakening and stabilizing until the final two volumes. Interestingly, the inten-

sification across the entire column does not appear until 2322:16 UTC, after the first
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vertical black line. This would indicate a slight delay in the identification of tornadoge-
nesis occurring via the tornadic-velocity threshold, but would still support an ascending
TVS intensification method. Beyond this time, there is once again little visual sup-
port of any weakening period beyond that seen at the 0° elevation angle. At the final
volume, again with a slight delay in comparison to the original data, re-intensification
begins to occur from the surface building upward. This slight delay in observing tor-
nadogenesis was also found at long standoff ranges with the data presented in Chapter
4.

Results from the 15-km standoff range are consistent with mobile radar observations
of ascending/simultaneous TVS intensification. One exception to this is with the 40-s
temporal resolution, where similar to previous discussion on this tornado, there appears
to be support for descending TVS intensification near the end of the time series while
ascending TVS intensification is present prior to 2324 UTC. However, as these results
are largely similar to expectations and previous figures shown here, they are not shown

here.

5.3 PAR Scanning Mode: Focusing

This section once again provides an analysis on the tested PAR scanning mode
of focusing and its potential use to aid in the desired temporal resolution of a future
operational PAR network. As Sections 3.2.1 and 4.3 have highlighted the limitations
of this analysis as well as discussed some of the potential operational uses, this section

will be kept brief.
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5.3.1 Tornado 4

Results from this study are limited in understanding and analyzing the utility
of focusing in scenarios like tornado 4. The reasoning for this is two-fold: (1) the
previously discussed limitations on assessing focusing utility with RaXPol data and
(2) the short duration of this tornado.

In order to fully understand any utility focusing updates may have on the warning
decision process, it would be desirable to know forecaster preferences on the persistence
of a TVS before issuing a warning. In this case, the tornado could potentially be
sampled up to four times with focusing implemented: once as a full PPI, two times with
20-s sector scan updates, and once again as a full PPI scan. This is because it quickly
dissipated and gave way to tornado 5. Therefore, the persistence directly associated
with tornado 4 is limited, and it seems doubtful this signature would have been sampled
long enough to prompt a warning by itself. Perhaps these scans would be useful in
cyclic supercells like this one to potentially identify when a stronger tornado may take
place amongst preceding weak tornadoes, but without a more complete understanding
of forecaster perspective, this remains subjective to the author. Additionally, this
tornado was ongoing with another further to the west. Thus, while these two would
have been in the same sector, would a weak tornado such as this one take priority over
a stronger one? If they had not been in the same sector, doubt is cast on if a weaker
velocity couplet would be chosen over sampling an ongoing, stronger tornado.

For these reasons, although the focusing results promote an increased temporal res-
olution that better resolves tornado 4 (especially in comparison to WSR-88D updates),

these images are not shown.
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5.3.2 Tornado 5

The analysis of PPIs of Z (Fig. 5.13) show once again the capability to completely
observe the structure of the supercell well across all PPIs. The continued development
of a weak echo hole is captured and displayed well in this set of PPIs. By the final
PPI provided in Figure 5.13(f), this feature has become increasingly well defined in
comparison to the beginning formation ~90 s earlier in Figure 5.13(a). The rapid
evolution of this feature would not have been sampled by a WSR-88D system, but
would more likely be sampled at any of the remaining temporal resolutions discussed
in this study.

The analysis of PPIs of V, (Fig. 5.14) shows the TVS remains identifiable. As
focusing is only providing rapid sector updates, the data remain the same. Across
the volume updates here, you can slowly begin to see the rotation begin to reintensify
at this low elevation angle. By the time shown in Figure 5.13(f), the inbound and
outbound V, begin to contract and tighten into a better velocity couplet.

As focusing is only providing rapid sector updates, the data remain the same.
With this case, a good example of how focusing could be used to capture signatures
associated with an intensifying tornado (e.g., weak echo hole) is found. Paired with the
intensification detectable in V., this set of PPIs highlights the intensification which took
place at the end of the time series of AV shown throughout Section 5.1.2. Scenarios
like this would be good candidates for times when focusing would be worthwhile in
an operational setting. The difficulty, however, relies on how well forecasters can
handle the amount of data available while also analyzing it for any indication that

tornadogenesis and/or intensification is ongoing or likely to occur.
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Figure 5.13: PPIs of Z at the 0° elevation angle on 24 May 2016 at (a) 2323:11 UTC, (b)
2323:29 UTC, (c) 2323:47 UTC, (d) 2323:05 UTC, (e) 2323:24 UTC, and (f) 2323:42
UTC. The figure is designed to be read by column top to bottom. Panel (a) shows
a starting time with panels (b) and (c¢) showing the 20-s update of the 45° sector of
interest outlined by black annotations. Panel (d) shows another 1-min update with
panels (e) and (f) showing the same 20-s updates as (b) and (c).
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Figure 5.14: As in Figure 5.13, but here of V,.
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Chapter 6

Conclusions & Future Work

6.1 Summary of Conclusions

This study analyzed the meteorological benefits of a future operational PAR across
three mesocyclone-produced tornadoes in supercells from two different cases in the cen-
tral United States. Both cases were observed by RaXPol, which allowed for rapid-scan
observations of the TVSs analyzed at close range of no more than 12.5 km. Spatial
averaging, temporal downsampling, and simulations of a focusing PAR scanning tech-
nique were all applied to the data sets to provide the synthetic PAR data necessary for
analysis. These methods generated a data set focused on analysis of the spatial and
temporal effects on long range data as well as the general impacts of focusing. This
analysis was used to consider some key science questions, including: (1) since torna-
does are observed at coarser resolution with long-range data, can rapid-scan signatures
still provide substantial benefits? and (2) are the primary trends in tornadogenesis
and intensification still seen with different PAR scanning strategies, and which are the
most and least effective at this?

In the spatial analysis, despite increasingly coarse resolution, similar qualitative
trends in intensity are seen even with the decreasing magnitude of AV as standoff
ranges are increased. Though these qualitative trends are less detectable with weak
tornadoes, a quantitative AV analysis may prove more useful in these cases. The TVS

intensification is found to occur in an ascending or nearly simultaneous manner through
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at least 2.5 km AGL for case I and 0.8 km AGL for case II, even for the longer emulated
standoff ranges. This is consistent with previous work done which used mobile radar
data for analysis. Rapid TVS intensification is also seen aloft, even if surface obser-
vations are absent. This rapid intensification signature, evident at long ranges, could
help forecasters better detect tornadogenesis. Thus, it seems that a future operational
PAR network may be able to detect tornadogenesis via TVS intensification mecha-
nisms more akin to mobile radar studies versus those completed with WSR-88D data
showing descending TVS intensification. Additionally, as a number of rapid-scan radar
studies have found TVS intensification to occur in this manner over a few kilometers
in depth, this could allow for TVS detection at longer ranges, as found in this study. A
slight delay in identifying the TVS intensification, in comparison to the original data’s
genesis times, is found at the longer-standoff ranges. This delay was generally found
to be only one volume scan, so it seems that the tornado-scale and mesocyclone-scale
rotations are intensifying at roughly the same rate (i.e., intensification appears to be
somewhat scale independent).

Several temporal resolutions were examined in this study. For all cases, tornadoge-
nesis occurred in ~1 min or less. This rapidly evolving process underscores the need
for faster temporal updates to better capture their structure and evolution. Several
weaker tornadoes in case Il were observed that exhibited entire lifecycles in ~90 s or
less. With current WSR-88D update times, these tornadoes are likely to be missed or
poorly observed. Results in this study show the utility of data at 60-s temporal resolu-
tion (and faster) in better observing some of the genesis and intensification processes
as well as shorter-lived tornadoes. The faster temporal resolutions of 40 s and 20 s
can provide additional data for analysis, but generally were not necessary to resolve
the critical steps in tornadogenesis and intensification in two of three cases (longer

lived tornadoes: El Reno and Dodge City tornado 5). In the Dodge City tornado 4
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case, while 60-s data may capture one volume of the tornado, 20-40-s temporal res-
olution data would be helpful with the identification and analysis of weak tornadoes.
Additionally, utilization of these faster (20-40 s) temporal resolutions could be useful
with convective focused VCPs similar to WSR-88D VCPs 12/212. There are potential
implications to how much data are more of a burden for a forecaster to analyze that
could be brought about by these faster updates, which are discussed more in Section
6.2.

It was found, however, that at longer standoff ranges, the 40-s and 5-min temporal
resolutions did sometimes show conflicting TVS intensification trends. It is hypothe-
sized that this is partially related to the methodology of this study. As the data are
essentially averaged to different spatial scales by looking at the varied standoff ranges,
it appears that this analysis may identify tornado-scale rotation intensifies in a manner
consistent with mobile radar studies, but the mesocyclone-scale rotation may intensify
in a downward sense. Identifying what is seen at additional temporal resolutions be-
tween these two (besides only 60-s) would be helpful in determining if this is exists
beyond those update times.

Despite the limitations of this data set in well identifying the potential benefits as
well as practical implications for its use in operations, focusing may provide a potential
middle-ground in providing faster temporal resolution data. The greatest difference
from current WSR-88D capabilities focusing appears to provide is a targeted look at
a mesocyclone or other area of interest. This scanning strategy could be used across

multiple elevation angles in contrast to the SAILs mode used by WSR-88Ds.
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6.2 Considerations for Future Operational PARs

This study not only highlights some of the benefits of a future operational PAR,
but it also brings up some further considerations worthy of discussion.

While visual analysis may lead to challenges in determining the intensity and direc-
tion of TVS intensification for weak tornadoes (Section 5.1.1), providing an additional
look at the actual AV helped to confirm intensification occurring nearly simultane-
ously across the depth of the column scanned. Even though the scanning strategy used
limited the analysis to a discussion focused more on near-surface and the lower atmo-
sphere, it at least confirmed the presence of low-level rotation that was still detectable
at such a far range, albeit with some quick calculations required. This does raise the
question of operational impact. Would a forecaster have the time in a warning decision
scenario to perform this gate-to-gate calculation? Would they actually take the time
to for something that appears visually unimpressive, if tools similar to this AV time
versus height chart were available in real-time? It seems more likely, from the research
perspective, that a weak tornado located this far from the radar could possibly go by
undetected.

If a future operational PAR is able to detect tornadogenesis via TVS intensification
mechanisms in a non-descending manner, this will require some shift in forecaster
conceptual models. As they currently anticipate upper-level intensification first and a
downward intensification after (as discussed, this is owed to WSR-88D update times
and compounded by poor spatial resolution and near-ground data coverage at farther
ranges), this may require further training when the new network is implemented beyond
just processing additional data.

In the temporal resolution analysis of this study, it was shown that the amount of

data presented at the higher temporal resolutions (especially 20-s) is significantly more
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than currently available to operational forecasters. As a result, it becomes important to
consider, similar to Wilson et al. (2017a): How much data are too much for forecasters
to consider? Put another way, what would a forecaster do with so much data, and
is there some point where the additional data are more of a burden than a benefit to
the warning process?” While some possible answers to these questions may come from
Kurdzo et al. (2017), additional future work can include the opportunity to provide
these data sets updated at varied temporal resolutions to forecasters at the NWS and
receive their feedback on the operational impact of these results. Additional work on
the exact specifications of a future operational PAR will also need to be discussed
to understand what physical limitations there will be on how quickly the system can
complete one revolution (for a rotating PAR), as this may further limit the temporal
resolution capabilities. From trade-offs with faster revolutions introducing more beam
smearing (i.e., creating a slightly larger effective beamwidth) to the general wear-and-
tear on motors, these are just some of the physical limitations possible in resulting in
a slower temporal resolution.

With respect to focusing, there are a few additional considerations for development
of such a scanning strategy into an operational PAR network. These include: priority
for various severe and non-severe hazards (e.g., do tornadoes have higher importance
over hail cores?), forecaster controlled areas of focusing versus automated methods to
select sector for focusing, and, for extreme cases where tornado outbreaks may be on-
going, how to shift between multiple foci of the same hazard. These considerations will
allow for a more well-rounded suite of scanning strategies and capabilities whenever it
comes to implementation of a nationwide PAR ready to operate in unique, challenging,
and rapidly-evolving weather environments alongside severe hazards. On a broader

scale, all of these considerations might add additional burden to a forecaster compared
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to the current process which just requires selecting a pre-defined VCP, especially with-
out some degree of automation built into the system. Overall, it does appear that
there could be benefit to implementation of a focusing scanning strategy for a future
operational PAR. However, the extent of this benefit appears highly dependent upon
specific observational goals and the final system’s architecture.

Considering the PAR scanning techniques discussed in this study alongside others
such as beam multiplexing, one further consideration remains. Is there the possibility
of using a VCP (possibly longer than the 60 s operational goal) that could implement
multiple PAR enabled scanning techniques in that VCP time? Would there be a list
of desirable scenarios (e.g., tornado or large hail approaching a large city) that would
call for the use of a specific PAR technique? How might these data be ingested into
algorithms to aid forecaster decision making? Even if forecasters do not want to see
PPIs every 20-40 s, the assimilation of these data into algorithms at this resolution
may result in better products that give these faster scans more value.

While these questions are beyond the scope of this study, they are important con-

siderations for continued development of the capabilities for any future operational

PAR.

6.3 Future Work

The sample size of this study is small, and it does not provide a complete view of the
range of intensity, duration, or environments associated with tornadic or non-tornadic
supercells. Expanding the storms analyzed would aid in the further generalization of
results to more tornadic and non-tornadic supercells. The addition of analysis from
supercells near Medicine Park/Lawton, OK on 17 April 2013 will be used to provide

a first look at non-tornadic supercells with this methodology. A unique aspect of this
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case is that it is observed by both the AIR and RaXPol, enabling pencil beam versus
imaging comparisons.

The synthetic PAR data tool also remains an actively updated tool. The planned
implementation of 2D imaging by adding in the capability to conduct vertical and
horizontal imaging to the synthetic PAR data tool will provide further insight into
the utility of imaging. It would also be helpful to emulate minimum beam altitude
changes associated with long-range (i.e., detection of mesocyclone altitudes rather than
the tornado due to Earth’s curvature effects) for the denial of low-level observations.
This would allow for determining if significant benefits is still obtained when low-level
observations are unavailable. Additional expansion to include polarimetric variables
such as Zpr and py, would allow this methodology to be applied to the TDS as well.

Conducting quantitative analysis with TVS algorithm threshold criteria may be
helpful to further understand the significance of our results, especially at the longer
emulated standoff ranges. Further, acknowledging the conclusions of Houser et al.
(2022), it is likely that the results of this work are dependent on the AV thresholds
used that deemed rotation to be tornadic or not. The application of their methodology
may further discussion related to the development of a more standard set of TVS iden-
tification criterion, and could better allow for further analyzing some of the conflicting
TVS intensification methods found at the 40-s and 5-min temporal resolutions.

When the all-digital Horus radar is fully completed and brought online to collect
weather observations, it will serve as a demonstrator providing the unique opportu-
nity to examine the operational benefits of PAR technology for a wide spectrum of
meteorological cases. The system will be used to answer this question: “In differ-
ent modes of PAR scanning operations, how do data from the all-digital Horus radar
compare to data from nearby S-band polarimetric radars, and what is the operational

utility of data from an all-digital PAR?” over the course of the author’s PhD studies.
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Alongside his current advisors and the larger senior research team, this work will use
dual-polarization measurements from Horus to perform fundamental inter-comparisons
of different PAR scanning techniques to evaluate their benefits and limitations for dif-
ferent meteorological conditions and evaluate the benefits of rapid-scan observations
for operational applications.

A collaborative opportunity with the PAR and Meteorological Studies team at the
Cooperative Institute for Severe and High-Impact Weather Research and Operations
(CIWRO) is also in its beginning stages. Our teams will work together to further
develop scanning strategies and attempt to collect early input from NWS forecasters.
This input will allow for modifications of our scanning strategies and recommendations

for a future operational PAR network.
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