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ABSTRACT 
 

From the springs of 2016–2019, three EF2-rated tornadoes were sampled with in-situ tornado probes as 

part of the Pressure Acoustics Recordings Inside Tornadoes Experiment.  The probe’s meteorological 

instrumentation resolved the temperature, humidity and pressure-deficit characteristics near or inside the 

three tornadoes.  Probes recorded pressure and visual observations during each tornado event show unique 

attributes, including multiple strong pressure fluctuations before and just after the first EF2 tornado, and a 

rotating bowl-shaped cloud feature located some distance ahead of the second EF2 tornado, independent of 

the tornado core and immediate inflow layer.  Pressure measurements of the bowl feature reveal a brief 

perturbation lasting roughly 4 s as it passed near or directly over the research team before the 

documentation of a 41-hPa pressure deficit associated with the tornado.  During the third EF2 in-situ 

deployment, pressure-trace observations also reveal fluctuations ahead of the tornado core, lasting some 

65 s before the documentation of a 13-hPa pressure deficit associated with the tornado. These 

measurements and video observations are consistent in location with recent ultra-high-resolution 

simulations of the streamwise vorticity current (SVC), or more precisely, the related vertical vorticity sheet 

(VVS) and pressure deficit lobe (PDL) regions.  This paper describes the measured pressure-deficit traces 

during three EF2 tornadoes near and in situ, augmented with brief, one-of-a-kind, near and in-situ video 

observations of a unique bowl feature, tornado inflow, corner-flow, and tornado core regions.  The recorded 

data and instrumentation were analyzed; results are presented and discussed. 
 

–––––––––––––––––––––––– 

 

1.  Introduction 

 

Longstanding theoretical discussions and 

previous research have proven the vigorous 

demands and challenges in obtaining near and in-

situ data within tornado cores and supercells 

(e.g., Bedard and Ramzy 1983; Bluestein 1983; 

Bluestein et al. 2003; Samaras and Lee 2004; 

Lee et al. 2004; Lee et al. 2011;  Wurman  and  

________________________ 
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Samaras 2004; Karstens et al. 2010).  Due to 

these challenges and low success rates, only a 

limited number of formal in-situ measurements  

or documentation exists (e.g., Dean et al. 2022, 

hereafter DMH22; Kosiba and Wurman 2013).  

 

Still, there is a continued need for in-situ 

observations to help understand tornado-vortex 

behavior, dynamics and the associated micro-α 

scale environment.  The recent DMH22 

documentation of the first-ever in-situ visual 

observations of the “higher-order multiple 
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vortices” (Wurman and Kosiba 2013) validate 

this need.  The DMH22 in-situ observations were 

obtained through years of field research from the 

privately funded field research campaign called 

Pressure Acoustics Recordings Inside Tornadoes 

Experiment (hereafter PACRITEX).  Objectives 

of the PACRITEX field research, as outlined in 

DMH22, include meteorological, infrasonic, and 

video documentation near and in situ to tornadoes.  

This paper is a continuum of the PACRITEX field 

project, which investigated near and in-situ 

pressure perturbations thought to be related to the 

streamwise vorticity current (Orf et al. 2017) 

during the 2019 severe weather season. 
 

Previous laboratory, numerical and large-eddy 

simulations (e.g., Ward 1972; Rotunno 1977; 

1979; 1984; Lewellen et al. 1997; Lewellen and 

Lewellen 2007; Schenkman et al. 2014) have 

helped our understanding of vortex dynamics by 

offering finescale vortex details, despite inabilities 

to simulate important atmospheric flow properties 

(e.g., Ward 1972; Rotunno 1984), domain 

limitations (e.g., Lewellen et al. 1997), and or 

spatial resolution limitations (e.g., Schenkman et 

al. 2014).  More recent large-eddy simulation 

research by Orf et al. (2017, hereafter O17) 

curbed many of these limitations in providing an 

ultra-high-resolution (30-m grid spacing) 

simulation of the 24 May 2011 El Reno, OK 

supercell, which produced an EF5 tornado.   
 

The O17 findings highlight a feature called 

the streamwise vorticity current (hereafter SVC), 

which, in the most basic form, is a horizontally 

rotating tube flowing helically towards the 

updraft located on the cool side (along and north) 

of the front-flank downdraft boundary (hereafter 

FFDB).  O17 suggest this SVC tube is 

responsible for increasing the streamwise 

vorticity flowing up and into the low-level 

mesocyclone (hereafter LLM).  As the vorticity 

increases, the strength of the updraft/LLM 

increases, thereby increasing rotation within the 

LLM, as seen in Finely et al. (2018, hereafter 

F18) and akin to studies by Davies-Jones (1984) 

and Davies-Jones and Brooks (1993).  
 

As the LLM strengthens, a vertical vorticity 

sheet (hereafter VVS) is seen in O17 near the 

FFDB, similar to Markowski et al. (2014), 

promoting a “train of vortices” flowing towards 

the updraft-downdraft interface.  This parade of 

vortices, likely caused by vertical shearing near 

the FFDB, consolidates near the updraft- 

downdraft interface, facilitating tornadogenesis.  

At nearly the same time, a pressure-deficit lobe 

(hereafter PDL) is also seen in the Orf et al. 

(2018, hereafter O18) simulation, lowering 

toward the surface (Fig. 1). 

 

 
 

Figure 1:  View of the O18 SVC pressure deficit 

lobe (PDL) post-tornadogenesis, circled in red.  

View is looking west with the PDL lobing toward 

the surface.  Adapted from Orf et al. (2018) and 

courtesy of Leigh Orf. Click to enlarge. 

 

O18 suggest this PDL is likely caused by a 

positive feedback loop where the ingestion of 

vorticity-rich cold-pool air increases the pressure 

drop, thus causing expeditious strengthening of 

the LLM at the possible SVC and LLM 

interface.  This process would result in even 

more vorticity ingestion and parcel stretching 

(Orf 2023 personal communication).  After the 

O18 embryonic tornado develops, the VVS train 

of vortices slow their rearward propagation 

toward the main tornado and LLM, while the 

PDL continues to lobe out and downward toward 

the surface during the early maintenance phase, 

as seen in the O17, O18, and Finley et al. (2023, 

hereafter F23) simulations. 

 

To the authors’ knowledge, the O17 and O18 

proposed PDL has not been documented 

observationally in formal literature.  However, 

Snyder et al. (2013, hereafter S13) documented a 

small feature using high-resolution mobile X-

band radar coined the low-reflectivity ribbon 

(hereafter LRR), in seven supercells.  S13 

characterized the LRR as a textured coiling 

narrow band of reduced reflectivity extending 

through the front-flank core (likely near the 

front-flank convergence boundary) to where the 

front-flank downdraft attaches to the hook echo 

(Fig. 20 in S13), possibly similar to the DMH22 

visual eddy observations (their Fig. 12).  S13 

radar observations during a supercell on 23 May 

2008 in northwest Oklahoma, shows this LRR 

was comprised of multiple small cyclonic 

https://ejssm.com/ojs/public/vol19-2/fig1.jpg
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vortices that quickly moved southward toward 

and inside of the hook echo (Fig. 11 in S13).  

While S13 was likely the first to formally 

highlight the LRR, others have previously 

documented its presence (e.g., Wurman et al. 

2012; Kosiba et al. 2013).  Griffin et al. (2018, 

hereafter G18) further expounded the S13 

findings during VORTEX-2 (Wurman et al. 

2012), using a suite of in situ sticknets to 

measure kinematic variables within the LRR. 

Their observations from three supercells show 

multiple LRRs with pseudoequivalent 

temperature and surface pressure changes (i.e., 

spikes and dips in the surface pressure and 

temperature (their Figs. 3–6).  They also showed 

the LRR lifecycle through the forming stages, 

near the FFDB, through decay, near the left-flank 

convergence boundary and the rear-flank 

downdraft boundary intersection (their Fig. 21).  

During the LRR forming stages, G18 found a 

deformation near/on the FFDB that strongly 

correlates with the O17 simulation of the VVS.  

The authors of this study believe this could be 

related to the origination of the VVS (i.e., 

inflection point), which seems supported in O17 

with this inflection on the FFDB essentially 

serving as a focus of rearward moving cyclonic 

vorticity, likely similar to S13 and G18.    

   

Although O17 highlight the SVC, their study 

was not the first to show the overall importance 

of streamwise vorticity in updraft rotation. 

Browning and Landry (1963) theorized that 

thunderstorm rotation could be the result of 
tilting of ambient shear vorticity, while early 

numerical modeling also highlighted the 

importance of upward titling of horizontal shear 

vorticity (e.g., Wilhelmson and Klemp 1978; 

Rotunno 1981: Rotunno and Klemp 1982; Lilly 

1982).  Klemp and Rotunno (1983) showed areas 

of strengthening vorticity along/behind the 

FFDB and identified the flow as mostly parallel 

to the boundary, leading to horizontal baroclinic 

vorticity along the path of the inflow parcels.  

Davies-Jones (1984) corroborated and expanded 

these findings, showing that streamwise vorticity 

was indeed the base fundamental driving source 

of updraft rotation, while Rotunno and Klemp 

(1985) further showed that horizontal vorticity 

originating from areas that were baroclinic, as 

well as the environmental vorticity, were both 

tilted vertically at the mesocyclone.  They also 

showed that the vertically tilted baroclinically 

generated horizontal vorticity, ahead or upstream 

of the LLM, was a main source of low-level 

rotation in supercells.   

More recent studies by Beck and Weiss 

(2013) identified three main storm-scale 

boundaries: i) the rear-flank downdraft boundary 

(RFDB), ii) the left-flank convergence boundary 

(LFCB), iii) the front-flank convergence 

boundary (FFCB).  They showed streamwise 

vorticity along both the FFCB and LFCB that 

was significantly stronger and larger than the 

environmental vorticity, with parcel trajectories 

terminating at the LLM, similar to Wicker and 

Wilhelmson (1995).  Dahl et al. (2014) seem to 

support Beck and Weiss (2013), and found 

baroclinic generation of crosswise horizontal 

vorticity, which would then realign with the 

horizontal velocity vector and become 

streamwise.  Dahl (2017) further simulated two 

updrafts in an environment with crosswise and 

mostly streamwise vorticity.  Their work showed 

that the pressure gradient could be changed in a 

way that horizontal vorticity within the inflow 

region acquires a large streamwise element even 

when and if the horizontal vorticity starts off 

purely crosswise, which seems to be supported in 

F23.  Even so, more recent simulations by Coffer 

et al. (2023) emphasize the importance of 

environmental low-level streamwise vorticity 

versus storm-generated and baroclinically driven.  

In that study, the low-level inflow parcels bound 

for LLM originated from the ambient 

environment, and the absorption of parcels 

originating within the front-flank were likely a 

byproduct of dynamic lifting of the strengthening 

LLM itself.  

 

Despite Coffer et al. (2023) using the level of 

free convection (LFC) as their baseline, noting 

issues clarifying the exacts of the lowest near-

surface part of the LLM compared to previous 

studies (e.g., Kelmp and Rotunno 1985), and the 

likely continued discussion of storm-generated 

baroclinic vorticity versus environmental, 

previous field research has likely fortuitously 

observed or poorly sampled an SVC-like 

structure (e.g., Markowski et al. 2018). However, 

Dowell and Bluestein (1997) seem to be the first 

to have observed a streamwise vorticity feature 

using research radar during the 17 May 1981 

Arcadia, OK F2 tornado, appearing to have 

similarities to the O17 SVC.  Dowell and 

Bluestein (2002) further found vorticity maxima 

placement using airborne dual-Doppler radar 

observations that coincided with horizontal 

streamwise vorticity on and near an identified 

FFCB/FFDB, and noted various kinematic 

boundaries within the forward flank.  Markowski 

et al. (2012) analyzed radar observations, which 
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showed that the baroclinic streamwise vorticity 

increased from the northeast of the LLM just 

after a descending reflectivity core (Rasmussen 

et al. 2006).  This suggests that the LLM inflow 

was cut off from lesser-quality, negatively 

buoyant air to the south of the FFCB.  Similarly, 

Kosiba et al. (2013) found horizontal vorticity 

enhancement along a defined FFCB during the 

5 June 2009 Goshen County, WY, tornado.  

They highlighted that the backward-integrated 

parcels from the LLM mostly originated along or 

near the identified FFCB and FFDB, similar to 

the O17 and O18 simulations.  However, until 

recently, there had been little concrete evidence 

to suggest that SVCs, as defined in O17, O18, 

and F18, occur in supercells. 

 

Schueth et al. (2021) compared a simulated 

supercell to high-resolution mobile radar 

observations of two supercells, finding evidence 

that SVCs existed in both observed supercells.  

Murdzek et al. (2020) used simultaneous dual-

Doppler and mobile mesonet observations from 

three supercells and identified SVCs in two of the 

three.  Additionally, recent findings from Satrio 

(2023) traced parcel trajectories backward, and 

found evidence of an SVC during the 17 May 

2019 McCook, NE tornado event (an additional 

focus of this study).  The Satrio (2023) vorticity 

budget supports the O17/O18 notion that the LLM 

strengthened as a direct response to processes 

occurring in the forward flank, which would 

support the role of an SVC-like feature in LLM 

intensification (e.g., F23).  The Satrio (2023) 

backward-trajectory findings also support the 

acquisition or generation of baroclinic vorticity as 

the parcels passed through the forward-flank 

region [in contrast to the Coffer et al. (2023) 

simulations], thus showing that not only is the 

SVC [and possibly the associated VVS feature 

(e.g., S13; G18; Wurman et al. 2012; Kosiba et al. 

2013)] legitimately physical, but also that the 

storm-generated baroclinic vorticity is critically 

important to the storm dynamics. Still, it is 

unknown what percentages of supercells have an 

SVC, if an SVC is required to be present at all, or 

what role, if any, the possible SVC might 

have on the LLM strengthening, tornadogenesis, 

maintenance, or decay. 

 

While the SVC (as defined by O17) has been 

identified in recent radar studies (e.g., Murdzek 

et al. 2020; Schueth et al. 2021; Satrio 2023), 

and possibly the associated VVS feature (S13; 

G18), to the best of the authors’ knowledge, no 

formal publications or field research have 

specifically targeted the O17 and O18 proposed 

VVS or PDL regions, using ground-based, in-

situ tornado probes.  Thus, the O18 proposed 

VVS and PDL became the main objectives of the 

PACRITEX 2019 field research campaign, 

which was guided by three questions:  

1)  Do the O18 vortices within the VVS extend 

to the ground? The authors realize the S13 

and G18 findings of the LLR likely 

established the VVS vortices as near-surface 

(i.e., 0–3 km AGL), which is supported by 

Kosiba et al. (2013) and Wurman et al. 

(2012); however, we believe the S13 “near-

surface” is a bit open-ended.  

2)  If so, are these VVS vortices visible in situ?  

3)  Can pressure perturbations or deficits of these 

VVS vortices or the PDL be measured at the 

ground in situ? 

Owing to the potential relationship between the 

SVC and the temperature and pressure fields in 

the forward flank, pressure traces hypothetically 

might be able to detect these features in the field.  

 

Since the 1950s, many efforts have been 

made to understand pressure deficits near and in 

tornadoes, with most early observations usually 

coming by way of accidental tornado encounters 

with static barometers (e.g., Lewis and Perkins 

1953; Tepper and Eggert 1956).  By the mid-

1980s, the first deployable ground-based in-situ 

tornado probe [the Totable Tornado Observatory 

(TOTO)] had been designed and used in 

the field in attempts to intentionally sample 

meteorological variables near and in tornadoes 

(Bluestein 1983; Bedard and Ramzy 1983).  Due 

to limited success, and because TOTO could be 

tipped over in windspeed <50 m s
–1

, efforts to 

use TOTO were abandoned by the late 1980s 

(Bluestein 1999).  However, the usefulness of 

deploying a portable instrumented in-situ 

tornado probe near and in the path of tornadoes 

was realized, and the development of other 

smaller/lighter weight in-situ tornado probes 

ensued, including SNAILS (Tatom et al. 1995), 

turtles (Brock et al. 1987), E-Turtles (Winn et al. 

1999), the Hardened In Situ Tornado Probe 

(HITPR) designed by the late Tim Samaras 

(Samaras and Lee 2004), sticknets (Weiss and 

Schroeder 2008), and pods (Wurman 2008).     
 

Although many of these in-situ probes had 

varying degrees of success, Winn et al. (1999, 

hereafter W99) successfully placed two E-Turtle 

probes on each side of the Allison, Texas F4 
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tornado on 8 June 1995, and documented 

pressure-deficits over time.  The W99 pressure 

observations revealed a 50-hPa pressure deficit 

and the classic V-shape characteristic highlighted 

in their recorded pressure trace.  On 7 May 2002, 

Tim Samaras deployed an HITPR near the Pratt, 

KS F2 tornado, also documenting a significant V-

shape pressure-deficit signature as a 31-hPa 

pressure drop was recorded (Samaras and Lee 

2004).   Additional successful in-situ deployments 

by Samaras include the Manchester, SD F4 

tornado on 24 June 2003, where a 100-hPa 

pressure deficit was recorded (Lee et al. 2004).  

The Manchester pressure trace also showed the 

classic V-shaped signature with interesting 

pressure fluctuations seen prior to the 

Manchester tornado impacting the HITPR and 

the associated 100-hPa pressure deficit.  Similar 

to the Lee et al. (2004) findings, Wurman and 

Samaras (2004) recorded a large pressure drop 

and a fascinating pressure trace characterized by 

multiple smaller V-shaped or U-shaped 

signatures prior to and during the large V-shaped 

signature associated with the 15 May 2003 

Stratford, TX tornado (discussed further herein).  

 

This paper is not intended to be a historical 

review discussing all known formal past in-situ 

observations.  Still, detailed comparison and 

analysis of 21 previous near and in-situ 

observational cases, in addition to the recorded 

pressure data described herein, make this case 

study novel, in that it is believed to be the first 

study to explicitly investigate and compare those 

21 previously recorded in-situ pressure-deficit 

traces to the recorded data described herein, and 

the O17, O18, and F23 simulations.  The 

pressure observations described in this study and 

most, if not all, of the 21 previous in-situ 

observations were documented in or near regions 

where O17, O18, and F23 propose the possible 

SVC VVS and or PDL to be, and also near the 

LLM.  For that reason, this study also discusses 

the possibility in which the LLM surface 

pressure falls could be associated with the 

recorded data herein and the previous 21 in-situ 

observational cases.  

 

This paper is outlined as follows:  section 2 

presents the methodology and describes the 

PACRITEX three near and in-situ deployments.  

Section 3 describes the in-situ tornado probe, 

instrumentation, and discusses the probe testing 

validation.  Probe operation is described in 

section 4.  Each tornado case event with video 

observations (if applicable), recorded pressure 

traces, analysis, and, in one case, wind velocity, 

is offered in section 5.  Comparison and analysis 

of previous in-situ pressure-deficit observational 

studies are discussed in section 6.  Section 7 

discusses the theoretical concerns and 

observational considerations of the recorded data 

herein.  This paper concludes with a summary 

and detailed discussion in section 8. 
 

2.  Deployments and methodology  
 

During the 2016–2019 severe weather 

seasons, the PACRITEX field campaign used in-

situ tornado probes (hereafter INPAR probes) to 

sample tornadoes near and in situ.  Thanks to the 

aerodynamic shape, the INPAR probes have 

survived several strong to violent tornadoes, 

including the 16 June 2014 westernmost Pilger, 

NE EF4 tornado (DMH22).  On 30 March 2016, 

the first author successfully deployed an INPAR 

probe in the direct path of the Tulsa, OK, EF2-

rated tornado, to test fabrication upgrades made 

to the original DMH22 probe design.  Results of 

the Tulsa recorded pressure trace indicated the 

INPAR probe could record pressure deficits near 

and inside tornadoes (Section 5).  Additional 

successful near and in-situ deployments include 

the 25 May 2016 Chapman, KS EF4 tornado and 

the 16 May 2017 Elk City, OK EF2 tornado.  

These data, particularly the Tulsa tornado event, 

which will be presented in future publications, 

ultimately led to the PACRITEX 2019 field 

research campaign and this study.  
     

On 23 February 2019 and 17 May 2019, the 

PACRITEX research team also intercepted 

tornadic supercells near Burnsville, MS, and 

McCook, NE, in attempts to deploy the ground-

based INPAR tornado probes in or near the 

above-described FFCB/FFDB, LFCB, and the 

O17 proposed VVS and PDL regions.  This 

study highlights the PACRITEX 2019 field 

research results from the Burnsville, MS EF2 

and McCook, NE EF2 tornado events (while also 

discussing the testing results and data from the 

Tulsa, OK tornado) and describes the measured 

in-situ pressure deficit traces, augmented with 

brief, one-of-a-kind, near and in-situ video 

observations of a unique rotating bowl-shaped 

cloud feature, tornado inflow, corner-flow, and 

tornado core regions.  
 

3.  Instrumentation and testing validation  
  

The conically shaped flat-top INPAR probes 

(Fig. 2a) house meteorological sensors, camera 

equipment, GPS, and data logging equipment.  
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Fabrication upgrades from the original DMH22 

design were completed in late 2015, and include 

four shadowboxes that house four GoPro 

cameras on the lower sides of the probe and a 

top-mount GoPro camera, for a total of five 

cameras (Fig. 2b). 

 

 
 

Figure 2:  INPAR probe 3D schematic showing 

a) side view of the X/L, pressure ports, and Cp=0 

location, b) INPAR 3D top view showing camera 

shadowbox housings, pressure ports.  The black 

arrows denote the wind axis.  

 

A single push-button switch activates the 

INPAR probe with a 5VDC, 19 800-mAh mil-

spec rechargeable lithium-ion battery powering 

all on-board electronics.  The INPAR can run up 

to 16 h before a recharge is needed, and up to 37 

h if two batteries are used in tandem.    Due to 

the small file size, sufficient onboard memory 

allows up to 96 h of data-recording capability 

(using an external battery) before a data 

download is required.  A Bosch BME280 sensor 

(Fig. 3a) measures the pressure, temperature, and 

relative humidity with a normal sampling rate of 

1 Hz (up to 40 Hz in forced mode). Forced mode 

sampling is multiple or single maximum 

measurements performed in accordance to the 

selected measurement and sensor filter options, 

as designated by the user’s script and BME280 

sensor coding. 

 

The Global Positioning System (GPS) 

consists of an L80-M39 GPS and Global 

Orbiting Navigation Satellite System 

(GLONASS) Stratum 1 receiver (Fig. 3b).  The 

GPS sampling rate was set in normal mode at 

1 Hz (up to 40 Hz forced mode).  Due to the 

connection and logging of multiple hardware 

devices (i.e., BME280 and L80-M39), a 

Raspberry Pi 3b was used as the data logger 

(Fig. 3c).  The quad-core 1.2-GHz Broadcom 

CPU can compute many thousands of samples 

per second, interfaces multiple communication 

protocols, including SPI, UART and I2C, 

and  has 128 GB of storage.  Programming 

of  each  device was done with Python 

(e.g.,https://github.com/boschsensortec/BME280

driver.git; L80-M39 driver /code), and scripts 

were written for each device.  A microbarograph 

pressure-sensitive switch (Fig. 3d) was employed 

to detect and measure infrasonic signatures (e.g., 

Bedard and Georges 2000; Bedard 2005; 

Georges and Green 1975; Arnold et al. 1976), 

with the sampling rate set at normal mode of 50 

Hz (60 Hz in forced mode).  While infrasonic 

signatures were captured during the Tulsa, OK, 

Burnsville, MS, and McCook, NE, tornado 

events, those data will be highlighted in a future 

publication. 
 

 
 

Figure 3:  INPAR internal hardware devices: a) 

BME280 pressure sensor, b) L80-M39 GPS and 

GLONASS Stratum 1 receiver, c) Raspberry Pi 

3b data logger with GPS receiver and BME280 

sensor mounted, d) Microbarograph pressure-

sensitive switch.  Click to enlarge. 

 

a.  First validity test  
 

Because the Oklahoma mesonet (e.g., Brock 

et al. 1995) was dubbed “the gold standard” of 

statewide weather networks by the National 

Research Council (2009), first validation testing 

of the INPAR probe commenced on 25 February 

2019, two days after the Burnsville, MS tornado 

deployment, and consisted of a 96-hour pressure 

comparison test between the Oilton, OK 

Mesonet site (OILT) and the INPAR.  The first 

author (LD) drove to near the OILT site and 

emulated an open in-situ deployment (e.g., Lee 

et al. 2004; Samaras 2006; DMH22; Wurman 

and Samaras 2004; Winn et al. 1999) by placing 

the INPAR on the ground, activating it with an 

attached external battery, and leaving it for 96 h 

to compare the daily maximum and minimum 

https://github.com/boschsensortec/BME280driver.git
https://github.com/boschsensortec/BME280driver.git
https://community.element14.com/products/raspberry-pi/raspberrypi_projects/w/documents/3493/raspberry-pi-3-b-gps-treasure-tracker
https://ejssm.com/ojs/public/vol19-2/fig3.jpg
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pressure values.  Although the Oklahoma 

mesonet suite utilizes Vaisala PTB220 

barometers (McPherson et al. 2007) with a 

notable difference in the pressure sampling rate 

compared to the INPAR sampling rate [Humidity 

Sensor BME280 | Bosch Sensortec (bosch-

sensortec.com)], the INPAR BME280 and OILT 

PTB220 share similar but not exact maximum 

and minimum full scale (hereafter FS) 

atmospheric pressure-range values 

(www.mesonet.org/about/instruments), making 

OILT a good pressure reference testing base. 

Comparison testing included best-practice FS 

error metrics used for calculating pressure 

sensors as noted by Validyne Engineering 

(Pressure Sensor Accuracy | Validyne 

Engineering), as can be seen in Eq. (1): 
 

PE =
𝑀𝑃−𝑅𝑃

𝐹𝑆𝑚𝑎𝑥−𝐹𝑆𝑚𝑖𝑛
×  100  (1)  

 

Where: PE = percentage error, MP = measured 

pressure, RP = reference pressure, FS max = full 

scale maximum, FS min = full scale minimum. 

Total FS error percentage was then calculated for 

the entire 96-hour test, as seen in Eq. (2): 
 

PE =
𝐹𝑆𝑚𝑎𝑥−𝐹𝑆𝑚𝑖𝑛

∑ (𝑀𝑃𝑖
4
𝑖=1 −𝑅𝑃𝑖)

× 100  (2) 

 

Where: FS max = full scale maximum, FS min = 

full scale minimum, MPi = measured pressure for 

each day (i = days 1–4), RPi = reference pressure 

for each day (i = days 1–4). 
 

Comparison between the INPAR and OILT 

pressure at 5-min intervals throughout the 96-

hour pressure test shows the INPAR measured 

pressure was consistently ≈2–3-hPa higher than 

the OILT measured pressure (Fig. 4) and that 

OILT responded more quickly to overall 

increasing pressure and maximum daily pressure 

values. However, the INPAR BME280 

responded faster to overall decreasing pressure 

and minimum daily pressure values (Fig. 4).  

 

Error results of the four-day comparison test 

revealed an average error rate of less than 1.1% 

difference in the maximum pressure values 

between the INPAR and the OILT mesonet over 

the four-day test [as calculated in Eqs. (1) & (2)]. 

Recorded minimum atmospheric pressure values 

revealed even less variability with less than 

0.3%, or less than 3-hPa difference, in minimum 

daily pressure values during the four-day 

comparison test [as calculated in Eqs. (1) and 

(2)].  Of particular note, the four larger spikes 

seen in Fig. 4 are believed to be attributed to the 

first author’s manually lifting the probe to 

approximately waist to chest height, periodically 

(four times) throughout the 96-hour comparison 

test to verify the probe connection to the external 

battery was still on, and that all electronics were 

still recording. These spikes might also be seen 

in the Tulsa, OK, Burnsville, MS, and McCook, 

NE, pressure traces, seen as smaller spikes when 

first deploying the INPAR probes. 

 
 

Figure 4:  96-h maximum and minimum daily 

pressure-test comparison results between the 

INPAR (orange line) and the Oilton, OK (OILT) 

Mesonet site (blue line) from 25 February 2019 

through 28 February 2019.  Click to enlarge. 
 

b.  Second validity test  
  

INPAR wind-tunnel calibration and 

validation tests were completed in the spring of 

2023 in the Beech wind tunnel in Wichita, KS 

[Walter H. Beech Wind Tunnel (wichita.edu)]. 

Pressure variations were measured by applying 

various wind velocities ranging between  

22–55 m s
-1

 across the entire body of the INPAR 

for 360-degree testing.  Upon completing the 

initial wind-tunnel tests, strong focus was then 

placed on applying the various wind velocities to 

the primary wind-facing side of the INPAR 

probe and pressure ports to validate the quality of 

the INPAR pressure sensor and to attempt to 

replicate the Burnsville recorded pressure data 

results (discussed in Section 5).  Figure 5a shows 

the INPAR wind-tunnel test results through each 

degree and respective Q (i.e., applied windspeed 

within the wind tunnel) and the associated wind-

tunnel pressure deficits compared to the probe raw 

results.  The error rate of the BME280 pressure 

sensor was measured across each Q (applied 

wind-tunnel speed) and then compared with the 

wind-tunnel pressure variations.  The average 

error rate between the measured wind-tunnel data 

and the BME280 measured pressure was found at 

±3.08-hPa, or near 0.31 % (Fig. 5a).   
 

https://www.bosch-sensortec.com/products/environmental-sensors/humidity-sensors-bme280/
https://www.bosch-sensortec.com/products/environmental-sensors/humidity-sensors-bme280/
https://www.bosch-sensortec.com/products/environmental-sensors/humidity-sensors-bme280/
http://www.mesonet.org/about/instruments
https://www.validyne.com/blog/pressure-sensor-accuracy-2/#:~:text=For%20example%2C%20if%20a%20pressure,of%20the%20sensor%20is%201%25.
https://www.validyne.com/blog/pressure-sensor-accuracy-2/#:~:text=For%20example%2C%20if%20a%20pressure,of%20the%20sensor%20is%201%25.
https://www.wichita.edu/industry_and_defense/NIAR/Laboratories/wind-tunnel.php#:~:text=The%20Beech%20Wind%20Tunnel%20is,in%20excess%20of%20230%20mph.
https://ejssm.com/ojs/public/vol19-2/fig4.jpg
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Figure 5:  a) Wind-tunnel pressure (P atm) and error rate comparison test results for each Q (applied 

windspeed) between the INPAR and pressure sensor (raw values) and the wind-tunnel data from start to end 

of test.  Probe raw data (grey line).  Each Q highlighted by color code (22 m s
–1  

= blue, 33 m s
–1

  = yellow, 

43 m s
–1

  = green, 55 m s
–1

  = red). Bottom left inset shows the wind tunnel and probe start and end of 

testing data.  Bottom right shows average error rate in hPa, b) INPAR calculated windspeed versus wind-

tunnel actual speed through each Q (applied windspeed in the wind tunnel).  Blue lines are probe-calculated 

windspeeds; orange lines are wind-tunnel-applied windspeeds.  Windspeed differences noted in red  

in m s
–1

. 
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Additionally, wind-tunnel and INPAR   

comparisons at the start and end of testing 

revealed  even  smaller variations in  measured 

pressure with a total of <2-hPa difference.  

Probe-calculated windspeed versus actual wind-

tunnel windspeed are shown in Fig. 5b through 

each respective Q (applied windspeed within the 

wind tunnel) and show nearly 7 m s
–1

 difference 

at the 22 m s
–1

 Q, nearly 5 m s
–1

 difference at the 

33 m s
–1

 Q, and <2 m s
–1

 at the 43 m s
–1

 Q.  

Finally, the difference at the 55 m s
–1

 Q was 

found to be <0.2 m s
–1

, indicating that the 

INPAR calculated windspeed accuracy increased 

as the windspeed increased (similar to Samaras 

and Lee 2004), and was nearly identical to the 

actual applied wind tunnel windspeed, starting 

near 40–43 m s
–1

 through 55 m s
–1

.   

 

Hence, the INPAR and BME280 pressure 

sensor were found to be highly accurate, and 

comparable to the Samaras and Lee (2004, 

hereafter SL04) research, particularly with 

windspeeds >40 m s
–1

, as highlighted in Fig. 5b. 

 

4.  Probe operating principle  
 

Data from the wind-tunnel tests, as seen in 

Fig. 5(a, b), shows that due to the conical shape 

and size of the INPAR probes, they can 

accurately measure the static pressure in high 

wind environments such as near and inside 

tornado cores, with the INPAR probe accuracy 

increasing as the windspeed increases (Fig. 5b).  

This is achieved via the aerodynamic shape of 

the INPAR, as detailed in DMH22, which allows 

the free-stream static pressure to be measured 

across the entire body of the probe.  Because the 

Samaras HITPR had a proven in-situ 

observational track record (e.g., SL04; Samaras 

2006; Karstens et al. 2010), DMH22 2015 

fabrication upgrades included pressure port 

locations that utilized the SL04 XL and pressure 

coefficient (Cp) descriptions (Fig. 2a,b), with 

similar but not matching port locations as the 

Samaras HITPR (review of the Cp and XL 

descriptions can found in SL04).  Thus, the 

INPAR Cp calculations and subsequent Cp zero 

(Cp=0) location (Fig. 2) should also be similar 

but not exact to SL04.  To validate the INPAR 

compared to the SL04 HITPR findings, the 

INPAR probe underwent full calibration and 

validation tests in a wind tunnel, as described 

above.  Cp calculations were completed for the 

various 22–55 m s
–1

 wind velocities using the 

SL04 adapted Cp equation [Eq. (1) in SL04] and 

defined in this study as Eq. (3): 

𝐶𝑝 =
𝑃𝑚−𝑃𝑠

0.5𝑝𝑉2
   (3) 

  

Where: Pm = measured pressure, Ps = static 

pressure, pV = air density, and V = velocity. 
 

Similar to the SL04 findings, the INPAR 

wind-tunnel tests showed the Cp variations 

through the wind axis at an immeasurable 

distance from the front of the probe (wind-facing 

side) toward the back of the probe (opposite 

side) (Fig. 2a).  Review of the INPAR X/L 

length, height, width, and weight dimensions can 

be found in DMH22. SL04 defined this 

immeasurable distance as the “X/L” distance, 

and this study will follow that SL04 naming 

convention for clarity.  While the wind-tunnel 

velocities applied to the INPAR body were 

measured under different azimuthal angles (θ) 

and different radii (r), the results show that when 

the Cp is at or very near 0 at 0° (i.e., directly 

facing the wind), the pressure at that surface 

location [X (Fig. 2a)] is equal to the free-stream 

static pressure, as can be calculated in the adapted 

SL04 Eq. (3)., providing a measuring location 

point [X (Fig. 2a)] where Cp=0 and the surface 

pressure is equal to the free-stream static pressure.  

The precise position on the INPAR body where Cp 

was nearest Cp=0 (shown as the X line point in 

Fig. 2 a) was found by calculating the Cp 

measurements for the entire body of the INPAR. 

 

The INPAR wind-tunnel test results were 

similar but not exact to SL04, showing that the 

Cp variations at the front portion of the probe 

(wind-facing side) reduced continuously from 

between 0.8–0.9 while moving towards the rear 

of the probe body (opposite side) with the Cp 

X/L average found at X/L≈0.38 (Fig. 6a), with a 

thin type boundary layer.  Depending on the 

exact air density, the INPAR Cp nearest Cp=0 

was found at 0.03–0.1 (Fig 6b) at 0° (directly 

facing the wind).  Minimum windspeed where 

the Cp was independent of X/L occurred near 

40–43 m s
–1

 while windspeeds near 22 m s
–1

 

were largely shifted, as visualized in Fig. 5b and 

further seen in Fig. 6a.  
 

Akin to SL04, the Cp angular dependence 

furnished a way of estimating the wind direction 

and speed.  Cp variations at the test angles 

around the INPAR with a port radius of 13 cm 

are seen in Fig. 6b.  Due to the Cp being negative 

in all directions around the INPAR, Fig. 6b 

highlights the negative Cp and shows that at 0° 

(directly facing the wind), Cp0 is at 0.1 with a 
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windspeed of 43.75 m s
–1

.  Thus, the radial axis 

pattern in Fig. 6b shows that when Cp≈0 directly 

facing the wind, the pressure is equal to the free-

stream static pressure. 

 

Similar to the SL04 findings, INPAR probe 

wind-tunnel test also found that as the angle 

increased, Cp reached a somewhat skewed 

minimum/maximum between roughly 75–80° 

(Fig. 6b).  While the Fig. 6b radial plot appears 

smaller and jagged from roughly 30°–70°, with 

smaller angular variations than SL04 (their 

Figs. 8, 9), concentration at 0° (directly facing 

the wind), show almost identical but not exact 

values as SL04 literature.  Although the INPAR 

angular variations are not as strong as the SL04 

findings, likely due to the fabrication and 

placement of the camera shadowboxes on the 

outside of the probe body, INPAR wind-tunnel 

data shows moderate to strong Cp variations 

across the INPAR body and pressure ports at 

a radius of 13 cm.  Because the pressure is the 

 
 

 

 
Figure 6:  a) INPAR pressure coefficient (Cp) variations in the wind axis (from 22–55 m s

–1
) on the leading 

edge from the front of the probe (wind-facing side) towards the back side (rear–opposite side) of the probe 

showing Cp XL average of 0.38 at 0° (directly facing the wind), b) INPAR wind-tunnel results showing Cp 

nearest Cp=0 at 0.1 at 0° (directly facing the wind/wind-facing side) with a windspeed at 43.75 m s
–1

 and 

13-cm port radius. 
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Figure 7:  Tulsa, OK near-surface INPAR pressure trace from 00:31:11 to ≈00:35 UTC on 30 March 2016.  

Timing of equilibrium noted in red near 985 hPa.  Pink oval with blue arrow underneath denotes possible 

LLM –6-hPa deficit.  Large blue circle with three vertical blue arrows below labeled 1, 2, 3 shows three 

pressure dips (–13 hPa, –11 hPa, and –12 hPa) with UTC timing of each dip in red.   Large pressure drop 

highlighted in the first small blue circle with letter (A) shows the main/first Tulsa tornado impacting the 

INPAR probe with a maximum 56-hPa pressure-deficit.  Letter B shows a second 45-hPa pressure drop 

(second small blue circle) impacting the probe ≈8 s after the main/first tornado.  Subset picture in the 

bottom left shows a picture of the Tulsa supercell and tornado roughly 8 min before probe deployment.  

View is looking north/northwest.  Picture by L. Dean. 

 

highest/lowest in the direction directly facing 

the wind (i.e., 0° seen in Fig. 6b), the pressure 

port measuring the highest/lowest pressure is 

the port the wind is coming from (i.e., the 

direction the wind is blowing).  Identical to 

SL04, once the direction of the wind is known, 

the static free-stream pressure is also known. 

Using the SL04 adapted windspeed equation, 

Eq. (4), the windspeed then can be found by 

calculating the measured pressure at a known 

angle within the wind axis as: 

𝑉 = √
2(𝑃𝑚𝜗−𝑃𝑠)

𝜌𝐶𝑝𝜃
        (4) 

Where Pmθ = measured pressure (other than 0°), 

Ps = free-stream static pressure, ρ = air density, 

Cpθ is the pressure coefficient at angle θ (other 

than 0°).  

 

Hence, the pressure at two separate angles 

around the INPAR can be calculated for the 

general estimated windspeed.  Results from the 

INPAR Cp and X/L wind-tunnel test are very 

comparable to the SL04 literature, which found 

the Samaras HITPR X/L at X/L≈0.3 at  

Cp=0–0.1.  The minor differences between the 

Samaras HITPR and the INPAR X/L and Cp 

values are likely due in part to the increased 

Reynolds number from the shadowbox camera  

mounts being located on the outside of the 

probe body, and the flat-top design of the 

INPAR (described in DMH22) causing slight 

shifting of the overall flow field. 

 

5.  Case events  
 

a.  30 March 2016, Tulsa, OK 
 

The first successful in-situ deployment after 

the DHM22 upgrades (i.e., post-2015) occurred 

on 30 March 2016, as the first author activated 

and deployed an INPAR probe ahead of a fully 

developed tornado (hereafter Tulsa tornado) in 

northern Tulsa County, OK, roughly 1.5 mi 

(2.4 km) northeast of the Tulsa International 

Airport.  The INPAR probe was deployed near 

or within the forward flank convergence 

boundary of the Tulsa supercell but still close to 

the edge of the inflow region, directly ahead of 
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the approaching Tulsa tornado (Fig. 7 subset 

picture).  After deploying the INPAR, the first 

author quickly retreated south, awaiting the 

tornado’s passage.  The INPAR probe was 

directly impacted by the Tulsa EF2 tornado, 

with maximum estimated peak winds of 110–

120 mph (49–54 m s
–1

) by the NWS in Tulsa 

(NWS 2016).  

 

INPAR in-situ pressure-deficit observations 

from the Tulsa tornado reveal a fascinating 

pressure trace, showing the probe reached 

equilibrium roughly 25–30 s after deployment, 

near 0031:36, and remained steady near 985 hPa 

for roughly 25 s.  From near 0031:56 through 

0032:20 (46 s through 69 s), the pressure slowly 

decreased roughly 6 hPa to near 979 hPa.  

Between 71–101 s, the pressure is seen falling 

and rising multiple times with –13-hPa (972 

hPa), –11 -hPa (974 hPa), and –12-hPa (973 hPa) 

deficits noted from 0032:24 through 0032:48.  

Between each of these three pressure drops, the 

pressure would rise quickly before sharply 

dropping again (Fig. 7).  The total time between 

each pressure drop ranged from roughly 6 s to 2 

s.  At ≈109 s the pressure substantially dropped 

to 929 hPa near 0033:08.  After 109 s, the 

pressure then rose through 113 s to 948 hPa, and 

then sharply dropped to 940 hPa at 0033:17 (118 

s).  The pressure then quickly rose again to 

between 985 and 986 hPa by 138 s, where it 

remained hovering until the first author retrieved 

the probe.  At equilibrium, the pressure was 

noted at 985 hPa, with the largest measured 

pressure deficit noted at 929 hPa.  The maximum 

pressure deficit was 56 hPa, with a second deficit 

maximum of 45 hPa at 0033:17.  

 

The slow 6-hPa drop in pressure from 

0031:56–0032:20 is likely due in part to the 

LLM getting close to or even directly above the 

INPAR probe.  The authors cannot say with 

certainty that the three spikes in pressure from 

0032:24–0032:48 are associated with or directly 

attributed to the LLM, however.  While the 

Tulsa in-situ deployment was initially intended 

for testing of the post-2015 DMH22 upgrades, 

results of the Tulsa pressure data (Fig. 7) 

revealed interesting characteristics that strongly 

resemble the Wurman and Samaras (2004) 

Stratford, TX, pressure trace on 15 May 2003, 

also characterized by multiple smaller V-shape 

or U-shaped signatures before and just after the 

large V-shape signature associated with the 

Stratford tornado core (discussed further in 

section 6).  Visual observations show the Tulsa 

tornado was an MVMC (multiple vortex 

mesocyclone, Wurman et al. 2014), with 

subvortices extending well outside the parent 

tornado core region (not shown).  While it is 

unknown if the three pressure-deficit 

fluctuations seen before the large 56-hPa and 

45-hPa deficits (associated with the Tulsa 

tornado core) are manifestations of one or more 

of these subvortices impacting the INPAR, it 

seems a more reasonable possibility than quick 

pressure-deficit succession caused by the LLM.  

However, another argument could be made that 

these three pressure spikes could be related to 

or a part of the possible O17 VVS.  The 

deployment of the probe within or on the edge 

of the front flank, near or just behind the FFDB, 

as the Tulsa tornado was moving toward the 

probe, also could support a VVS region flowing 

near the INPAR at the time of documentation, 

possibly implying three independent VVS 

vortices (e.g., S13; G18). 

 

  
 

Figure 8:  a) Burnsville deployment location 1 

video on 23 February 2019, b) Burnsville 

reposition video with first view of the Burnsville, 

MS tornado looking south from the deployment 

1 location.  Click links to play and enlarge. 

 

The large 56-hPa maximum pressure deficit 

certainl is due to the Tulsa main tornado core.  

Less certain is the secondary 46-hPa pressure 

maximum, ≈8 s after the Tulsa main tornado core 

(≤10-s duration) impacted the INPAR. The 

secondary pressure maxima is likely the INPAR 

probe’s sampling a subvortex. Wurman and 

Samaras (2004) found two additional pressure 

https://www.arcgis.com/apps/MapJournal/index.html?appid=cc1b8f2a11954752a0c791fe84f280c0
https://youtu.be/wKYG8ZTmX8A
https://youtu.be/wKYG8ZTmX8A
https://youtu.be/9CGkio1ldfE
https://youtu.be/9CGkio1ldfE
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deficit fluctuations during and moments after the 

Stratford, TX main tornado core impacted the 

HITPR, and attributed these deficits to secondary 

or even possible tertiary vortices just after the 

main tornado.  This suggests that the INPAR can 

distinguish some types of vortex structure within 

a tornado.  Regardless, the Tulsa pressure data 

demonstrated the post-2015 DMH22 upgrades 

could resolve pressure deficits adequately in situ, 

and possibly distinguish vortex structure under 

the right circumstances.  The Tulsa pressure data 

with a full radar analysis will be provided in a 

future publication. 

 

b.  23 February 2019, Burnsville, MS 

 

On 23 February 2019, the PACRITEX 

research team deployed an INPAR probe at 

2234:26 UTC (hereinafter all times are UTC), 

roughly 3 miles (5 km) northwest of Burnsville, 

MS (Fig. 8a Burnsville deployment location 1 

video).  The location (34.8510 –88.5336) offered 

a broken view of the approaching supercell 

(hereafter Burnsville supercell) to the southwest 

of the research team location. By 2245:10, the 

research team caught view of the approaching 

Burnsville tornado to their southwest and 

immediately loaded up the INPAR to reposition 

(Fig. 8b Burnsville reposition video). 

 

Leaving the deployment 1 location near 

2245:27, the research team turned right on 

Highway 72 and continued east through the 

slenderest part of the hook echo (e.g., Brooks 

1949; Stout and Huff 1953; Van Tassel 1955; 

Fujita 1958).  However, due to a limited road 

network, and because Highway 72 turned in a 

southeast direction toward Burnsville, this 

navigational strategy placed the PACRITEX 

research team directly north and ahead of, but 

eventually crossing the projected path of, the 

northeastward-moving Burnsville tornado. 

Because the Burnsville tornado was initially 

highly visible (Fig. 8b), the researchers felt 

confident in continuing deployment attempts. 

 

Disclaimer: What follows is a detailed 

description of a potentially dangerous situation 

of a subsequent deployment.  Importantly, note 

that the Burnsville case in this study 

describes in-situ video with detailed first- 

person observations from experienced storm 

researchers in an extremely dangerous situation, 

with root causes extending back to navigational 

strategy, lack of road network, false sense of 

visibility, and injury, all of which contributed to 

being inadvertently struck by the Burnsville 

tornado. The authors want to make it 

abundantly clear that the actions described 

here are inherently dangerous and should not 

be attempted unless extremely experienced.  

Even then, there is a potentially fatal level of 

risk associated with this data collection effort.  

While the authors do not condone intentionally 

being in such a perilous situation, we believe 

that the audience could benefit greatly from 

the viewing of these in-situ videos as what not 

to do, or what could happen, while the storm-

research community could benefit by possibly 

using these detailed observations as a 

reference for further research.  Additionally, a 

few of the scientific video observations 

described in this study show one PACRITEX 

team member within the in-situ video.  This 

was not intentional and is due only to the 

direction the probe cameras were pointed, 

capturing the scientific features of interest.  

However, due to obvious ethical concerns, only 

one in-situ video figure showing a team member 

near and within the damaging inflow and tornado 

core regions is highlighted in this study.  The 

remaining in-situ videos have been placed in the 

text and Appendix as external links. 
 

  
 

Figure 9:  INPAR probe deployment locations 

(red triangles) with time and GPS locations. 

Yellow line denotes Burnsville, MS tornado path.  

Green and yellow triangles show damage rating.  

Background image courtesy NOAA Damage 

Assessment Toolkit.  Click to enlarge. 

 

During transit toward the second Burnsville 

deployment location, the research team briefly 

but clearly saw the Burnsville tornado to their 

immediate south, but quickly lost view due to 

terrain features and increasing precipitation.  By 

2246:15, the team’s rate of travel slowed 

considerably, as they experienced strong easterly 

inflow winds but decreasing precipitation.  The 

https://youtu.be/wKYG8ZTmX8A
https://youtu.be/wKYG8ZTmX8A
https://youtu.be/9CGkio1ldfE
https://apps.dat.noaa.gov/stormdamage/damageviewer/
https://apps.dat.noaa.gov/stormdamage/damageviewer/
https://ejssm.com/ojs/public/vol19-2/fig9.jpg
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team likely crossed the LFCB, followed by the 

FFCB, as they traveled eastward on Highway 72, 

resulting in less precipitation and providing the 

researchers with a false sense of visibility.  Probe 

video analysis near 2246:50 shows the research 

team pulled to the shoulder of Highway 72, near 

Lake Drive (34.8479 –88.3356), to attempt a 

second deployment (Fig. 9).  The inflow jet 

increased in strength, damaging a house 62 m 

west of the research team (Appendix, Burnsville 

inflow video 1).  Near 2246:55, a PACRITEX 

team member and the third author of this study 

(RH) partially pulled the INPAR from the rear of 

the vehicle, attempting to continue the second 

deployment.  Near 2247 UTC, probe-based video 

observations show a brief view of an interesting 

feature that can be described as a small rotating 

bowl-shaped lowering descending and moving 

westerly along Highway 72 (Fig. 10, Burnsville 

bowl lowering video). 

 

 
 

Figure 10:  Probe video screen capture of the 

Burnsville bowl lowering near 2247:01 UTC. 

Probe view is looking west.  Contrast and tone 

slightly enhanced to show the bowl lowering 

feature better.  Click link to play video and 

enlarge. 

 

While the Burnsville bowl feature meets the 

Glossary of Meteorology’s definition and criteria 

of a funnel cloud [Funnel cloud—Glossary of 

Meteorology (ametsoc.org)] in that it was 

rotating aloft with no discernable ground contact, 

the bowl lowering was displaced roughly 100–

200 m (328–650ft) to the northeast and ahead 

(i.e., in front) of the tornado and associated 

inflow jet, near the FFCB/FFDB, and near where 

the possible O18 SVC edge and PDL locations 

might be, as highlighted in the O17 and O18 

simulations.  Although view of the bowl feature 

is brief, independent video analysis and first-

person observations from the research team show 

the bowl feature was rotating cyclonically and 

widening while visually descending.  At the 

same time, the front bottom portion of the bowl 

appeared to arch out and then curl back or, 

rather, fold in upon itself (i.e., the right front 

portion closest to the ground curling inwards 

towards its base).  By 2247:05, a slight fall, 

followed by a brief rise, is noted in the pressure 

trace (discussed below). This brief pressure 

perturbation is nearly consistent in time and 

location, with the bowl feature passing very near 

or directly over the research team. 
 

Although it is not known what percentages of 

supercells have an SVC, or if the Burnsville 

supercell had an SVC, due to the bowl feature 

moving toward the Burnsville tornado, the 

Burnsville bowl lowering attribute could be a 

visual manifestation of a possible VVS vortex 

moving along, or between the edge of the 

possible VVS (e.g., O17), and the inflow channel 

(e.g., Broyles et al. 2022).  This is due in part to 

the pressure gradient caused by the possible 

helical SVC being tilted from the horizontal into 

the vertical, near the LLM and tornado core. 

(e.g., O18).  However, another reasonable 

argument is that the Burnsville bowl feature is 

simply a funnel cloud or a secondary circulation 

possibly associated with an LLM/tornado 

cycling or occlusion phase independent of the 

Burnsville tornado and immediate inflow layer.  

This possibility is similar to Houser et al. (2015, 

hereafter H15) mobile-radar observations of dual 

LLMs and dual tornadoes during the 24 May 

2011 El Reno, OK tornado, which they described 

as neither the dual mesocyclones or tornadoes 

evolving “in a manner entirely consistent with 

any published conceptual model of supercell 

cycling, although certain aspects were similar to 

classic conceptual models.” 

 

Usually, when two mesocyclones are ongoing 

within a single supercell, it is part of the overall 

cycling process of the supercell.  As the old 

mesocyclone occludes, the new mesocyclone 

further develops and or strengthens (e.g., Lemon 

and Doswell 1979; Burgess et al. 1982; Dowell 

and Bluestein 2002).  Under the right conditions, 

this cyclic mesocyclogenesis (e.g., Adlerman et al. 

1999; Adlerman and Droegemeier 2002) could 

increase the potential for a new tornado, as seen in 

Davies et al. (1994), Wakimoto et al. (1998), and 

Wurman and Kosiba (2013).  LLM and tornado 

cycling with occlusions can and do occur with 

multiple ongoing tornadoes (e.g., Davies et al. 

1994; H15) nearly ongoing tornadoes 

simultaneously (e.g., Wienhoff et al. 2020; 

Wurman and Kosiba 2013) or even multiple 

LLM’s within a single supercell, as observed by 

Boustead and Schumacher (2008) and H15.  

https://youtu.be/kgCjO2DpIDI
https://youtu.be/kgCjO2DpIDI
https://youtu.be/uHE2Izs1Q_A
https://youtu.be/uHE2Izs1Q_A
https://youtu.be/uHE2Izs1Q_A
https://glossary.ametsoc.org/wiki/Funnel_cloud
https://glossary.ametsoc.org/wiki/Funnel_cloud
https://ejssm.com/ojs/public/vol19-2/fig10.jpg
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Previous mesocyclogenesis simulations (e.g., 

Adlerman et. 1999; Adlerman and Droegemeier 

2002; 2005) show two basic mesocyclogensis 

modes: i) the occluding cyclic mesocyclone 

mode (OCM) and ii) the non-occluding cyclic 

mesocyclone mode (NOCM), both supported by 

field observations (e.g., Dowell and Bluestein 

2002; French et al. 2008; H15).  Although 

independent video analysis revealed the 

Burnsville bowl lowering was moving from east 

to west, the bowl feature’s location seems 

consistent with the Burgess et al. (1982) cyclic 

mesocyclogensis conceptual model.  Assuming 

the bowl feature was associated with an OCM or 

NOCM, as described by Adlerman and 

Droegemeier (2002; 2005), the Burnsville bowl 

lowering may be part of a cycling occlusion 

(e.g., Wakimoto et al. 1998; Beck et al. 2006; 

French et al. 2008; Boustead and Schumacher 

2008; Kumjian et al. 2010; Wurman and Kosiba 

2013; Skinner et al. 2014; H15; Wienhoff et al. 

2020), or perhaps merging or handoff type 

phases, as described in Davies et al. (1994).  
 

To verify possible LLM cycling and 

occlusions near or just before the bowl lowering 

observations that could be related to the bowl 

feature, dual-polarization (dual-pol) radar 

analysis using the Columbus Air Force Base 

(KGWX) WRS-88D were completed.  While two 

distinct mid-LLMs were found near 2241 UTC, 

one roughly 3 mi (4.8 km) northwest of 

Burnsville, and the second roughly 4 mi (6.4 km) 

southwest of Burnsville (not shown), the 

Burnsville supercell was roughly 55–60 nm 

(102–111 km) away from KGWX with 0.5°-

elevation beam heights ranging from 4900–

6200kft+ (1.5–2 km) ARL from 2241–2247 

UTC.  Thus, LLM genesis that could affect low-

level features like the Burnsville bowl lowering 

is likely not readily identifiable due to low-

quality radar returns. Because the KGWX 

analysis from near the time of the bowl lowering, 

just before 2247 through in-situ impact, does not 

show quality, valuable near-surface low-level 

radar features that could be associated with the 

bowl lowering, the authors have little confidence 

suggesting the bowl lowering was definitively 

associated with an LLM cycling phase.  That is 

not to say that an attempted LLM and tornado 

cycling phase did not occur, but rather, the 

authors did not visually observe a cycle or 

occlusion phase.  Insufficient quality low-level 

radar data is apparent to show otherwise.  While 

this feature possibly was associated with a new 

mesocyclone in a manner like the cycling 

process, its association with a VVS vortex 

cannot be ruled out.  

 

The Burnsville bowl feature was located 

some distance ahead and independent of the 

Burnsville tornado, and was not a satellite vortex 

of the Burnsville tornado as defined in Edwards 

and Dean (2018), nor an MVMC circulation 

(Wurman and Kosiba 2013), or even a subvortex 

as seen in DMH22.  As such, the bowl lowering 

could be a VVS vortex not in visible contact 

with the ground.  The movement and location of 

the bowl feature in relation to the Burnsville 

tornado, as well as the brief pressure deficit, 

correlates well with the O17, O18, and Orf 

(2020, hereafter O20) simulations of a possible 

VVS misovortex moving toward the Burnsville 

tornado. Additionally, F18 and F23 highlight 

multiple rivers of vorticity surges and even 

individual vertical vortices within each surge of 

the  possible  VVS  flowing  back  towards the 

updraft-downdraft interface, throughout the life 

cycle of their simulation of an EF5 tornado from 

the 27 April 2011 outbreak, possibly like the S13 

and Griffin et al. (2018) LRR radar observations. 

 

 
 

Figure 11:  Probe video screen capture of the 

Burnsville corner flow video starting at 2247:18 

UTC on 23 February 2019.  Red arrow denotes 

inflow with view looking west.  Click link to 

play and enlarge. 

 

Near 2247:19, INPAR probe video shows a 

unique and seldom documented feature just to the 

west of the research team.  The Burnsville tornado 

inflow was manifested by low-level condensation 

racing westerly into the corner-flow region and 

rapidly rising into the eastern edge of the tornado 

core.  Near 2247:19:09, the corner-flow region 

became clearly visible roughly 70–80 m west of 

the research team as the immediate tornado inflow 

continued, as seen in Fig. 11. 

https://youtu.be/2GywIxxFDP4
https://ejssm.com/ojs/public/vol19-2/fig11.jpg
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Study of the Burnsville tornado inflow is 

important in that there are few in-situ and 

visual observations, much less first-person 

observations, describing the inflow 

characteristics near the corner-flow region 

[(i.e., that region where the tornado core meets 

the surface and the immediate inflow, where the 

mostly horizontal flow is abruptly tilted into the 

vertical) (e.g., Lewellen (1976)]. Rightfully so, 

this corner region is where the most damage in 

tornadoes likely occurs due to a number of 

factors, including possible significant pressure 

deficits, some near or exceeding 100 hPa (Lee 

et al. 2004; Blair et al. 2008).  The obvious 

dangers faced by researchers while attempting 

to sample or observe the immediate inflow or 

corner regions in situ make them exceedingly 

hard to obtain due to high wind velocities, low 

visibility, poor road network and conditions, 

and erratic vortex behavior, all of which could 

lead to being impacted by the tornado (as this 

study shows).   
 

While simulation and research work (e.g., 

Lewellen et al. 1997; Davies-Jones et al. 2001; 

Xia et al. 2003; Lewellen and Lewellen 2007) 

and direct boundary-layer observations (e.g., 

Bluestein et al. 2014) have helped our 

understanding of the immediate inflow and 

corner-flow regions, there are only a limited 

number of in-situ observations that have 

documented the immediate tornado inflow at the 

corner section (described below).  This leaves 

considerable debate as to the processes and 

possible lowest pressure deficit values that may 

be attainable within tornado cores, as suggested 

by Blair et al. (2008).    
 

First-person and probe video observations of 

the Burnsville corner-flow region near 

2247:19:12 (hours, minutes, seconds, frames) 

show the tornado inflow strengthened, with 

cloud tags and debris adjoining the corner region 

from nearly all directions.  Near 2247:20:01, a 

strong northwesterly to northerly inflow jet is 

manifested by a band of dark cloud tags and 

debris, flowing northerly to southerly across 

Highway 72 into the corner-flow region, just 

behind a vehicle traveling eastward on Highway 

72 (i.e., just to the rear of the eastward moving 

vehicle lights in Burnsville corner flow video).  

Near 2247:20:10, the Burnsville tornado was still 

to the southwest of the research team’s position, 

moving northeasterly; however, the research 

team members visually observed the Burnsville 

tornado appear to widen, turn (wobble) right, and 

strengthen almost simultaneously, moments after 

the northwesterly inflow jet was seen being 

pulled into the corner-flow region, as it moved 

along and across Highway 72.  This sequence is 

supported by the NWS damage assessment 

suggesting the Burnsville tornado intensified 

through this area (Fig. 9).  
 

By 2247:20, probe video analysis shows heavy 

and nearly blinding precipitation flowing 

horizontally back toward the Burnsville tornado 

core, which was now roughly 20 m west of the 

research  team. The research team likely 

experienced some portion of either the LFCB or 

FFCB at the updraft-downdraft interface/tornado 

core and LFCB and FFCB intersection just before 

being struck by the Burnsville tornado.  At 

2247:24, the research team was struck by the right 

front quadrant of the Burnsville, MS EF2 tornado.  

Independent video analysis from 2247:21 through 

2247:25 shows the research team was not 

impacted by the strongest part of the tornado (i.e., 

the tornado core) but rather the right front 

periphery of the corner-flow region and that the 

tornado core passed roughly 1–3 m (6–12ft) to 

their immediate north (Appendix: Burnsville 

impact 1 video).  

 

Because the primary focus of the 

PACRITEX 2019 field research campaign was 

the possible O17 VVS and PDL regions, the 

analysis of the pressure trace recorded on 23 

February 2019 focuses on two specific 

timeframes:  i) near the time of the bowl 

lowering at 2247 and ii) the impact and passage 

of the tornado at 2247:24. Figure 12a shows the 

full recorded pressure trace as a time-series plot 

starting at 2234:26, continuing through 2254. 

The Burnsville pressure trace is consistent with 

previous in-situ pressure deficit documentation 

(e.g., Karstens et al. 2010; SL04; Blair et al. 

2008; Lee et al. 2004; Wurman and Samaras 

2004), showing an overall gradual decrease in 

pressure followed by a large pressure deficit 

indicative of the tornado passage, and then an 

abrupt rise in pressure with values returning to 

near previously recorded values or pre tornado 

values.  Probe activation occurred at 2238:26 

from deployment location 1, with the INPAR 

probe reaching equilibrium with consistent 

pressure near 990 hPa between 53–99 s (Fig. 

12a).  A slight downward trend in pressure is 

seen from roughly 100 s with some fluctuations 

through 180 s. The authors cannot explain these 

slight dips and rising fluctuations.   

 

https://youtu.be/2GywIxxFDP4
https://youtu.be/PNLrUgJXDh8
https://youtu.be/PNLrUgJXDh8
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Figure 12:  a) Burnsville, MS INPAR pressure trace at 0.61 m (2 ft) AGL from 2234:36 through 2254:00 

UTC on 23 February 2019.  Timing of equilibrium noted in red, 6-hPa deficit purple oval.  Bowl lowering 

passage (2247:05), and impact and passage of tornado (2247:24) noted in red, b) estimated windspeed 

observations of the Burnsville tornado on 23 February 2019, c) wind-direction observations of the same 

tornado.  Bowl lowering and tornado impact highlighted in red circles with time UTC.   
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At 2243:36, gradual decreasing pressure is 

seen from roughly 195–400 s with a roughly  

6-hPa pressure drop to 984 hPa noted by 415 s.  

This 6-hPa deficit may be due to the Burnsville 

mesocyclone’s getting closer to the research team 

at the deployment 1 location, or perhaps the 

INPAR’s resolving some portion of the possible 

O18 PDL.  Near 2243:52 (422 s), a gradual rise in 

pressure is noted, lasting through 2245:30 (492 s), 

where another fluctuation appears (Fig. 12a).  The 

research team caught their first view of the 

Burnsville tornado near 2245, where they then 

loaded up the INPAR to reposition.  The small 

fluctuations near 2245:30 (492 s) are attributed to 

manually picking up the probe and loading it into 

the rear of the vehicle, as highlighted in Fig. 8b 

(Burnsville reposition video) [(and likely also 

seen on four occasions during the 96-h 

comparison test (Fig. 4), as first author picked up 

the probe to verify the battery was working)]. 

 

Additionally, the continued gradual rise in 

pressure noted from 2245:30 (492 s past 543 s, 

Fig. 12a) coincides with the probe’s being inside 

the vehicle as the research team traveled toward 

the second deployment. Wind velocity data in 

Fig. 12b from near and just past 540 s also 

reflects the INPAR probe’s being in the vehicle. 

Fig. 12c shows the INPAR wind direction 

measurements during the bowl lowering passage 

and the Burnsville tornado impacting the 

PACRITEX research team.  Video inferred from 

the INPAR video cameras during the bowl 

feature and during the Burnsville tornado are in 

generally good agreement with the INPAR wind 

observations (Fig. 12c). 

 

During the second Burnsville deployment, 

the INPAR probe was exposed to the outside 

environment between 2246:54–2247:00.  

Independent probe video analysis during this 

timeframe shows the Burnsville bowl lowering 

to the immediate west of the research team, 

moving west along Highway 72.  Pressure-trace 

characteristics during this timeframe reflect a 

brief but sharp decrease in pressure through 

2247:05 (560 s, Fig. 12a).  By 2247:05:10, the 

probe video view of the bowl feature is lost as 

deployment attempts continued.  Independent 

video analysis with close pressure trace 

inspection at 2246:54 through 2247:07 reveals a 

pressure deficit fluctuation near 2247 (560 s), 

followed by a quick rise in pressure seen 

through 2247:07 (562 s, Fig. 12a).  This episode 

of quick pressure fall and rise correlates with 

the precise time the bowl feature moved very 

near or directly over the PACRITEX research 

team near 2247 UTC. 

 

Because the pressure already was falling 

rapidly before the bowl feature passed the 

research team and INPAR probe, it was difficult 

to determine the exact pressure deficit.  Before 

that, the pressure was ≈990 hPa at 2246:34 (538 

s).  Using the lowest recorded pressure believed 

to be associated with the bowl feature near 

2247:01– 2247:05 (560 s), we find the lowest 

pressure value of roughly 984 hPa (560 s), 

nearly correlating with the time the researchers 

experienced the first ear popping. This event 

occurred simultaneously with a 4–5-hPa 

pressure deficit believed to be associated with 

the passage of the bowl lowering. 

 

From 2247:25 through 2247:45, a quick rise 

in pressure to nearly 988 hPa is seen in the 

Burnsville pressure trace, associated with the 

tornado passage.  The pressure then gradually 

increased, where it leveled off at near 989 hPa 

through the remainder of the recorded trace (Fig. 

12a).  At equilibrium, the recorded pressure 

noted was 990 hPa.  This serves as the base 

environmental pressure for this study.  At 

2247:24, the pressure depression reached 949 

hPa for a total pressure deficit of 41 hPa.  

 

Although quality concerns exist with the 

Burnsville wind and pressure data (discussed 

further in section 7), angular pressure 

measurements on the INPAR facilitated 

calculating the estimated wind velocity 

(described in section 3).  A peak calculated gust 

of just over 54 m s–1 (Fig. 12b) at 2247:24 (574 

s) corresponded to the precise time the 

researchers were struck by the Burnsville 

tornado and the documented 41-hPa pressure 

deficit (Fig. 12a).  While INPAR probe wind 

direction estimations (Fig. 12c) correlate well 

with the timing of both the probe-calculated 

windspeeds (Fig. 12b) and the 41-hPa pressure 

deficit, there are concerns with these data.  

Given the issues during the Burnsville 

deployment (i.e., partial deployment, 

questionable flow field in and around the probe 

and vehicle), the Burnsville data presented here 

are in question as numerous unintended 

influences could be biasing the observations 

(described in section 7).  As such, the 

Burnsville observations are presented here for 

documentation, considered estimates only, and 

should be used with caution. 

 

https://youtu.be/9CGkio1ldfE
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c.  17 May 2019, McCook, NE 

 

On 17 May 2019, the PACRITEX research 

team intercepted a tornado (hereafter McCook 

tornado) in Red Willow County, NE, roughly 5 

mi (8 km) northwest of McCook.  The McCook 

tornado was rated an EF2 with estimated peak 

winds of 120 mph (54 m s
–1

) by the National 

Weather Service in Goodland, KS (May 17th, 

2019 Tornadoes (weather.gov).  The tornado 

visually appeared as cone-shaped condensation 

funnel with a large dust column directly 

beneath, and was located on the cusp of the 

RFD clear slot and the edge of a small broken 

wall/inflow tail cloud (Fig. 13a McCook 

tornado video 2 FULL).  Near 2257 UTC, the 

research team deployed an INPAR probe in the 

grass on the west edge of Road 381, roughly 

0.25 mi (400 m) south of Road 720.  The 

location [Fig. 13b (40.2631 –100.7051)] offered  

 

 

Figure 13:  a) Developing McCook, NE tornado (McCook tornado video 2 FULL) with RFD clear slot, 

broken tail cloud, and FFCB/FFDB noted in red.  View is looking west from Road 720, b) McCook, NE 

deployment location of the INPAR probe at 2257 UTC.  Red triangle denotes the INPAR probe location.  

Background image courtesy NOAA Damage Assessment Toolkit. 

 

an unobstructed view of the northeastward-

moving tornado.  By then, the tornado had 

condensed fully to the ground and visually 

appeared as a slender cone with a large dust 

plume ahead of and directly under the tornado. 

 

While the dust plume prevented a view of the 

corner-flow and tornado core regions, probe 

video and video from the research team show 

that the McCook tornado was likely a single-cell 

vortex that appeared to “kink out” in an easterly 

direction just below the cloud base, near the 

https://www.weather.gov/gld/may17tornadoes
https://www.weather.gov/gld/may17tornadoes
https://youtu.be/6qeaXIsSxI4
https://youtu.be/6qeaXIsSxI4
https://youtu.be/6qeaXIsSxI4
https://apps.dat.noaa.gov/stormdamage/damageviewer/
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LCL.  This kink visually appeared to slow the 

forward speed of the McCook tornado and 

caused the core to shift south, west of Road 381, 

roughly 200–300 m southwest of the INPAR 

probe between 2257:47 and 2258:47.  By 

2259:15, probe video observations show the left-

front quadrant of the tornado core nearing Road 

381, roughly 30–60 m south of the INPAR, with 

the near in-situ outer winds affecting the probe 

starting near 2259:23 (±1 min as discussed 

below).  Probe video analysis shows that the 

tornado core did not impact the probe directly, 

but rather obliquely side-swiped it, while 

translating erratically (Fig. 13a McCook tornado 

video 2 FULL).  

  

Pressure-trace characteristics show that the 

research team activated the INPAR probe around 

2242 UTC, some distance away from the 

McCook supercell, to verify all electronics were 

in working order and to allow the probe to reach 

equilibrium. Near 2257 (620 s), the research 

team deployed the INPAR probe in the grass on 

the west side edge of Road 381.  Similar to the 

Burnsville pressure trace, interesting pressure 

fluctuations occurred ahead (upstream) of the 

McCook tornado.  

 

Near 2257:10 (630 s), the pressure trace 

shows an increase to near 904 hPa moments after 

deployment, decreasing to 900 hPa near 2257:29 

(649 s), followed by a quick increase to 902 hPa 

from near 2257:34 through 2257:42 (654–662 s).  

The authors believe these first pressure 

fluctuations are likely due to the probe’s 

attempting to reach equilibrium after being 

removed from the vehicles ambient temperatures 

and placed on the side of the road.  However, 

near 2257:42 (662 s), the pressure sharply 

dropped to 896 hPa by 2258:03 (678 s) and 

remained hovering between 896 and 900 hPa 

through 2259 (743 s) (Fig. 14). 

 

 

Figure 14:  McCook, NE near surface INPAR pressure trace from 2242 through 2303 UTC 17 May 2019. 

Timing of equilibrium, deployment, and pressure deficits highlighted in red. 

 

Pressure-trace observations show this 6-hPa 

deficit lasted for ≈65 s before the pressure 

quickly rose back to near 901 hPa near 2259:09. 

Near 2259:26 (764s), the pressure-trace 

timestamps show inaccuracies of roughly 47 s.  

This issue was caused by increasing the GPS and 

BME280 sampling rates.  To increase the 

pressure-trace resolution issues of 1 Hz 

(discussed below), the lead author increased the 

sampling rate from 1 Hz to 40 Hz (forced mode) 

of the BME280 and the L80-M39 GPS roughly 

one month before the McCook tornado.  While 

the GPS timestamps were initially correct until 

roughly 2259:26, the GPS satellite signal 

probably was lost between 2259:20 and 2259:26 

(765s), and then regained just before 2300.  

However, enough inconsistencies existed to 

caution using the exact timing of the probe GPS.  

Thus, video timestamps were also used after 

2259:20 with a ±1 min accuracy through the 

remainder of the McCook deployment.   

https://youtu.be/6qeaXIsSxI4
https://youtu.be/6qeaXIsSxI4
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Near 2259:22 (±1 min), probe and research 

team video shows the McCook tornado starting to 

cross Road 381 roughly 20 m south of the 

INPAR, with the outer periphery winds impacting 

the INPAR probe near 2259:23.  By 2259:26 (764 

s ± 1 min), probe pressure measurements concur 

with the video observations, dropping from 900–
890 hPa (Fig. 14) as the outer tornadic winds 

obliquely impacted the INPAR probe and the 

tornado crossed Road 381 (Fig. 13a McCook 

tornado video 2 FULL).  This resulted in a total 

pressure deficit of ≈13 hPa.  The pressure then 

immediately rose to 902 hPa through 2300 

(787 s), indicating tornado passage.  The pressure 

then stabilized at ≈902 hPa through the remainder 

of the trace (Fig. 14), nearly identical to the 

pressure observed prior to and immediately 

following deployment, and before the tornado. 

 

Although the McCook wind data revealed an 

estimated peak wind velocity near 35 m s
–1

 (not 

shown), similar to the Burnsville wind data, the 

authors also question the quality of the McCook 

wind-data calculations due to the minimum 

roughly 40 m s
–1

 windspeed where Cp was found 

to be independent of X/L (described in Section 4).  

Because the wind-tunnel test results revealed the 

probe’s X/L and Cp dependence decreased as the 

applied windspeeds increased (Fig. 5b), finding 

that the minimum windspeed where Cp was 

independent of X/L occurred near 40–43 m s
–1

 

with error results of only 1.7 m s
–1

 at 43 m s
–1

, and 

error results <0.2 m s
–1

   at 55 m s
–1

  (Fig. 5b), 

the authors have skepticism in calculation results 

with values of less than 43 m s
–1

.  Thus, the 

authors concern with the angular dependence 

calculations of the McCook tornado as the outer 

winds (of roughly 35 m s
–1

) of the vortex 

obliquely sideswiped the INPAR probe and did 

not directly impact it.  At any rate, probe wind-

direction observations are in good agreement 

with probe and team video observations during 

this timeframe. 

 

While there is likely no way to know if the 

Burnsville supercell had an SVC, the McCook 

supercell was also observed by the TORUS field 

campaign for an extended timeframe 

[TORUS_2019 Field Catalog | NCAR EOL 

(ucar.edu)].  Those observations revealed an 

SVC through at least some portion of the 

McCook supercell lifecycle.  In likely one of the 

most comprehensive studies of the SVC and 

associated features to date, Satrio (2023) traced 

parcel trajectories backward and not only found 

evidence of the SVC (described in Section 1), as 

highlighted in O17, O18, O20, and f23, but also 

vorticity budgets showing strengthening of the 

LLM with parcels that originated within the 

forward-flank region (i.e., along and behind the 

FFDB/FFCB).  Thus, Satrio (2023) clearly 

showed the importance of the forward-flank 

baroclinic generation of streamwise horizontal 

vorticity during multiple portions of the McCook 

supercell lifecycle, and that the SVC is 

legitimately physical. 

 

6.  Comparisons and analysis    

 

The symmetrical V shape characteristics of 

the Tulsa, Burnsville, and McCook pressure 

traces are similar to others previously recorded.  

The Burnsville trace appeared similar to the Blair 

et al. (2008) trace, while the Tulsa and McCook 

traces show a striking resemblance to that in 

WS04 for Stratford, TX.  Lewis and Perkins 

(1953) highlighted measured pressure traces 

from nine separate barographs obtained during a 

tornado on 8 June 1953 in Cleveland, OH.  The 

barographs ranged from 720–2300ft (219–701 

m) from the tornado center, each showing a 

similar symmetrical V shape.  Eight of nine 

Lewis and Perkins barographs also show large 

pressure-deficit fluctuations, followed by a brief 

increase in pressure before the main pressure 

deficit associated with the tornado occurred 

(their Fig. 3). 

 

Similarly, at least six of the Karstens et al. 

(2010, hereafter K10) pressure traces recorded 

during nine separate TWSTEX deployments 

appear to have a similar quick drop in pressure, 

followed by a brief rise or even multiple 

fluctuations, sometimes lasting only seconds 

before the main tornado pressure deficit (their 

Fig. 7 a–f).  The K10 pressure profiles also show 

that most of their observations, including those 

from the mobile mesonets (MM), were obtained 

ahead of or from a mostly upstream position with 

respect to the tornado’s direction of travel.  

Additionally, two of the K10 observations 

specifically mention pressure fluctuations noted 

from various upstream positions, which were 

thought to be related to weaker subvortices, as 

described in Lewellen et al. (1997). 

 

The Blair et al. (2008) in-situ observations 

during the 21 April 2007 Tulia, TX tornado 

event also reveal a small brief pressure deficit 

near 00:54:50, then a brief rise at roughly 

00:54:53 (their Fig. 11), followed by the 194-hPa 

pressure drop associated with the Tulia tornado 

https://youtu.be/6qeaXIsSxI4
https://youtu.be/6qeaXIsSxI4
https://catalog.eol.ucar.edu/torus_2019
https://catalog.eol.ucar.edu/torus_2019
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core impacting the observers.  While smaller 

brief pressure fluctuations, like those seen in the 

Tulia pressure trace, are usually attributed to 

smaller-scale vortices (Orf 2023, personal 

communication), Blair et al. (2008) specifically 

highlight the Tulia tornado as a single-cell vortex 

before and as the observers were struck, noting 

subsidiary vortices only after being impacted by 

the Tulia tornado (their Fig. 8).  Thus, their 

argument was for corner-flow collapse just as 

they were struck.  

 

Another possibility for these brief pre-

tornado pressure fluctuations could be the LLM 

surface pressure falls, or what Karstens et al. 

(2010) referred to as the cascading of vortices.  

While this seems an appealing way to explain 

these pre-tornado pressure deficits, more 

reasonably the LLM surface pressure fall would 

take longer to pass over simply due to the size of 

the LLM.  Hence, a longer drawn-out pressure 

trace, possibly like Tulsa and Burnsville 5–6-hPa 

pressure deficits prior to the tornado core. 

Another sensible argument could be made that 

the brief pressure fluctuation noted in the Tulia 

trace, between 00:54:50–00:54:53, could be 

attributed to a vortex within the possible VVS 

flowing towards the Tulia tornado/LLM from 

northerly to southerly (e.g., S13; Kosiba et al. 

2013; G18; F23).  The Blair et al. wind data 

(their Figs. 9, 10, 12, 16) and occupant 

observations support being in a possible O17 

southerly flowing VVS, as it flowed back toward 

the Tulia LLM/tornado core (e.g., Fig. 7 in O17).  

 

While some contention exists surrounding the 

Blair et al. (2008) 194-hPa pressure deficit with 

respect to vehicle movement, possible equipment 

issues, and other related concerns (K10), the 

Blair et al. (2008) research shows the observers 

were located upstream (in the path) of the Tulia 

tornado before, and during the tornado impact 

(their Fig. 18).  This location, as highlighted in 

O17, O18, and F23, certainly would have 

experienced the possible VVS flow, if one were 

present, due to the Tulia tornado still being in the 

early maintenance phase (e.g., O20), and could 

have sampled some portion of the possible O18 

PDL prior to the tornado core’s impact.  

Moreover, the authors question if the Blair et al. 

proposed record-setting 194-hPa deficit might be 

associated with, or even a direct result of, a 

possible VVS vortex in concert with the corner-

flow collapse as an additional reason for such an 

extreme low-pressure value.  The authors agree 

with Blair et al. that their position was left of 

center of the Tulia vortex, which also establishes 

their position relative to the possible VVS 

region, flowing around and into the LLM and 

tornado core (e.g., S13; G18; F18; F23). 

 

Research from W99 acknowledged a pressure 

rise or spike seen during the Allison, TX F4 

tornado on 8 June 1995 (their Fig. 11), but 

suggested that it may be associated with the 

“ring of high pressure surrounding the central 

low pressure” of the tornado, as discussed by 

Ward (1972).  The Burnsville and McCook 

pressure traces also contain pressure rises similar 

to the W99, seen in Fig. 12a near 2246:34 (538 

s) and Fig. 14 at 2257:42 (662 s), and likely in 

the Manchester, SD pressure trace (Fig. 21 in 

Lee et al. 2004), but not the Tulsa trace nor some 

of the K10 observations.  Therefore, it is 

uncertain if this rise in pressure or “ring of high 

pressure” is the same as W99.  

 

Although the W99 pressure observations 

were measured from two separate probes located 

on the west and east- (left and right-) facing sides 

of the Allison tornado (their Fig. 6), and not 

directly in front of the tornado (i.e., on the 

northern side), W99 note an irregularity or spike 

in the Allison pressure trace (their Fig. 14), 

which was assumed to be caused by secondary 

vortices in or near the main tornado vortex, “at a 

radius near that of the maximum velocity,” as 

described in the Lewellen et al. (1997) numerical 

simulation.  This likely is akin to the DMH22 

Pilger, NE EF4 west in-situ observations of the 

orbiting vortex, or satellite vortex as defined in 

Edwards (2014).  Due to the placement of the 

W99 probes on the lateral sides of the Allison 

tornado, W99 did not sample the area 

immediately northeast of (i.e., upstream), or 

directly in front of, the tornado, where O17 and 

O18 propose the VVS and PDL regions to be.  

The frontal sampling also was where the 

PACRITEX research team recorded the quick 

dips and rises in pressure during the Tulsa, 

Burnsville, and McCook tornadoes prior to each 

impacting the INPAR probe, analogous to the 

Blair et al. (2008) and a number of the K10 

observations. 

 

WS04 specifically highlights two individual 

pressure-deficit spikes lasting ≤10 s during and 

after the Stratford tornado’s core passage 

(Fig 15; shown as Vortex a & b).  The spikes 

were thought to be associated with sub-tornado-

scale vortices, comparable to W99, K10, and 

likely the Tulsa in-situ observations and 
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findings.  Of more importance for this study is 

the length of time the Samaras HITPR 

experienced these pressure fluctuations prior to 

the Stratford core-flow passage.  Figure 15 

shows the first pressure depression by 127 s, 

followed by dips and rises through 162 s, with a 

final rise near 178 s, before the deficit 

accompanying the Stratford main tornado core.  

The HITPR experienced pressure fluctuations for 

≈53 s before the main Stratford tornado core 

passage, similar to the McCook pressure trace.   

 
 

Figure 15:  15 May 2003 Stratford, TX pressure trace showing time in seconds of pressure fluctuations 

before the main tornado pressure deficit.  Pressure fluctuations are circled in red.  Time in seconds 

highlighted in red.  Adapted from Fig. 3 in Wurman and Samaras (2004). 

 

    While most of the pressure deficits over 

the WS04 53 s timespan could be attributed to a 

large, near-surface LLM, there are some 

inconsistencies in timing and deployment 

location with respect to the first few pressure 

fluctuations.  K10 suggested the WS04 pre-

tornado pressure fluctuations captured cascading 

of vortices from the LLM to the tornado core.   

However, WS04 describes the HITPR being 

deployed upstream of the 400–m-wide Stratford 

tornado in what appears to be part of the FFDD 

core, near where it attaches to the hook echo.  

That position possibly resembles S13 and G18, 

with a small area of lower reflectivity to the 

immediate northeast of the tornado core (Figs. 5, 

6 in WS04).  This suggests that the WS04 

pressure fall starting near 123 s, followed by 

sharp pressure fluctuations (i.e., dips and spikes) 

from near 127 s through near 143 s (Fig. 15), 

were recorded in a portion of the downdraft, 

immediately adjacent to and upstream of the 

LLM/tornado core.  As such, they could not be 

associated with the LLM surface pressure falls.  

Therefore, these small deficits may be related to 

the possible O18 PDL or S13 and G18 LRR 

vortices, and by proxy, the VVS.  Presumably, 

the pressure fluctuations seen before the 

Stratford tornado core passage over the HITPR 

are not irregularities at all, but likely are a 

manifestation of the sampling-rate ability.  

During the WS04 in-situ observations, the 

Samaras HITPR sampled at 10 Hz with future 

plans to increase the sampling rate (Samaras 

2007, personal communication).  

 

In comparison, the Blair et al. (2008) and K10 

MM observations sampled at 1 Hz. While a 

pressure-deficit fluctuation is clearly seen in the 

Blair et al. (2008) trace, prior to the main Tulia 

tornado deficit and many of the K10 MM 
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observations, those traces are less defined.  

Simply stated, the WS04 HITPR sampling rate of 

10 Hz allowed for finer resolution compared to 

the Blair et al. (2008), K10 MM, and Burnsville, 

MS sampling rates of 1 Hz.  Due to the WS04 

HITPR deployment location in relation to the 

Stratford FFDB, LLM, and tornado core, the  

10-Hz sampling rate could have assisted in 

capturing some portion of the proposed O18 VVS 

or PDL, as highlighted in Fig. 1, during the WS04 

53-s pressure fluctuations. 
 

Although the INPAR sampling rate during the 

Tulsa event was coded at 20 Hz (40 Hz in forced 

mode) for testing purposes, the sampling rate 

during the Burnsville tornado was re-coded at 

1 Hz.  This likely is why the Burnsville pressure 

trace looks similar to the Blair et al. (2008) trace.  

To increase the overall sampling resolution, the 

lead author increased the INPAR sampling rate to 

40 Hz (forced mode) roughly one month before 

the McCook deployment.  This provided 

increased resolution, as seen in Fig. 14, compared 

to the Burnsville trace (Fig.12a).  The authors are 

unaware of any formal in-situ pressure-deficit 

observations with a sampling rate >10 Hz, making 

the Tulsa and McCook data unique, and likely the 

highest successful near and in-situ sampling rates 

during any field project to date.  
 

While the Tulsa, McCook, and WS04 

pressure traces share some similarities, 

particularly during the 65-s deficit prior to the 

McCook tornado sideswiping the INPAR, in-

depth video analysis shows no visible 

secondary vortices present at any time.  This 

suggests that the 65-s hovering pressure was not 

caused by secondary or even possible VVS 

vortices.  Moreover, since the McCook tornado 

did not impact the probe directly, and because no 

outstanding features were observed like in the 

Burnsville event (i.e., bowl lowering), one has to 

question what caused the McCook 65-s deficit 

before the McCook tornado affected the INPAR.   
 

Arguably, the McCook 65-s deficit captures 

the LLM surface pressure.  However, because 

the INPAR deployment location was upstream of 

the McCook tornado, near the FFCB and 

proposed O18 VVS, this location would be near 

or just inside of the FFDD with downdraft 

properties, and may not be associated with the 

immediate LLM updraft.  Another argument 

could be made that the 65-s deficit is a possible 

capture of at least some portion of the proposed 

O18 SVC PDL, occurring some distance ahead 

of the McCook LLM/tornado (possibly similar to 

WS04).  The location of the INPAR in relation to 

the McCook FFDB, possible VVS, vortex 

location, and direction of travel correlate well 

with the INPAR possibly sampling some portion 

of the O17, O18, and O20 PDL, as highlighted in 

Fig. 1. However, because the pressure traces 

would likely look similar regardless, it is 

inconclusive what this feature actually is. 
 

7.  Theoretical concerns and observational 

considerations    
 

Although both the Tulsa and McCook 

deployments were successful open in-situ 

deployments (i.e., not partial deployments like 

Burnsville), the erratic nature of the Burnsville 

tornado and chaotic deployment limited the 

research team from removing the probe 

completely out of the vehicle prior to the 

Burnsville tornado impact.  Thus, the INPAR 

remained partially inside the vehicle at a height 

of roughly 0.61 m (2 ft). While probe video 

shows two of the four pressure ports facing into 

the wind, the two remaining pressure ports were 

facing directly into the rear of the vehicle.  With 

only two wind-facing ports, the flow field may 

have been highly disrupted compared to open in-

situ deployments (e.g., Lee et al. 2004; Samaras 

2006).  The associated effects on the Burnsville 

recorded pressure trace are unclear.  The flow-

field dynamics around the portion of the probe 

that was partially inside the vehicle are beyond 

the scope of this study, as are the flow effects 

around and through the vehicle at the time of 

deployment.  The authors recognize and concede 

that the disrupted flow field is an issue of 

possible contention among reviewers and readers 

alike.  Regardless, even with limited wind-facing 

pressure ports, the 41-hPa pressure deficit is 

quite respectable, given the questionable flow 

field with regards to the angular dependence.  
 

While the wind-tunnel data reflect a high 

degree of accuracy of the INPAR probe and 

pressure sensor (discussed in Section 3), due to 

the INPAR probe’s remaining partially inside the 

research vehicle during the Burnsville partial in-

situ deployment, concern remains with exact 

calculations of angular dependence.  While the 

wind-tunnel tests attempted to replicate this 

scenario (Fig. 5b and Fig. 6), with some limited 

success, the authors are not confident with the 

estimated wind velocity findings below 40 m s
–1

 

due to the X/L and Cp dependence (Fig. 5) and 

the disrupted flow field.  Nevertheless, INPAR 
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probe data during the Burnsville impact reveal just 

over 54 m s
–1

 peak estimated windspeed (Fig. 

12b) as the tornado core passed roughly 1–3 m 

(6–12 ft) from the INPAR and research team and 

the documentation of the 41-hPa pressure deficit 

(Fig. 12a) correlates well with previous near and 

in-situ observations in similar scenarios (e.g., 

K10; Lee at al. 2004; Lee et al. 2011; WS04). 
 

8.  Summary and discussion   
 

From the spring of 2016 through the spring of 

2019, three EF2-rated tornadoes were sampled 

with INPAR tornado probes near and in situ.  

Probe pressure measurements obtained during 

the 30 March 2016 Tulsa, OK, EF2 tornado were 

characterized by multiple pressure fluctuations 

prior to the tornado impacting the INPAR probe.  

Initial pressure measurements during the Tulsa 

event were recorded near the FFDB and FFCB, 

just ahead of the approaching main tornado core.  

In the Tulsa case, a second absolute pressure-

deficit maximum of 45 hPa below ambient 

occurred roughly 8 s after the main tornado 

impacted the probe.  This second pressure deficit 

maxima is likely associated with a secondary 

vortex, and will be discussed in a future 

publication.  Due to the Tulsa pressure findings, 

and through multiple collaborations and study of 

the large-eddy simulation research work of 

O17/O18, the PACRITEX field research 

campaign set out to further sample/study 

meteorological variables near and within the 

FFDB and FFCB, and in-situ to tornadoes, to 

document pressure deficits thought to be 

associated with the possible SVC, or more 

precisely, within the related O18 VVS and PDL 

regions during the 2019 severe-weather season.  
 

During the PACRITEX 2019 field campaign, 

two EF2-rated tornadoes were intercepted, one 

near Burnsville, MS, with a partial deployment 

of an INPAR probe, and the other successful 

deployment of an INPAR probe near McCook, 

NE, recording pressure, temperature, humidity, 

and calculated wind velocities.  Results from 

those events revealed pressure-deficit 

fluctuations of roughly 4–13 hPa documented 

upstream (i.e., in front) of each respective 

tornado prior to larger pressure deficits 

associated with each tornado vortex, similar to 

the 30 March 2016 Tulsa, OK EF2 event.  

 

In the Burnsville, MS case, video 

observations highlight a unique rotating bowl 

feature that passed near or directly over the 

PACRITEX research team.  Strict pressure-trace 

investigation shows a roughly 5-hPa deficit 

believed to be associated with the passage of the 

bowl feature, before the large 41-hPa pressure 

deficit associated with the Burnsville tornado 

core.  The bowl feature correlates in location 

with the O17, O18, O20, and F23 simulations of 

a possible VVS vortex, independent of the 

Burnsville tornado and immediate inflow layer, 

that was moving toward the Burnsville tornado.  

Review of the Wurman et al. (2012), S13, and 

Kosiba et al. (2013) observations may support 

the bowl feature possibly being associated with a 

LRR, while G18 may support the bowl feature 

being associated with an LRR formation stage 

near or within the FFDB.  
 

During the McCook, NE case, a pressure 

deficit of ≈6 hPa was documented, lasting ≈65 s 

before the pressure rose and then abruptly fell as 

the outer winds of the tornado core obliquely 

sideswiped the INPAR probe.  The authors have 

shown that the McCook 6-hPa hovering pressure 

deficit correlates in location with the O17 and 

O18 possible PDL location, ahead and 

immediately north of the tornado vortex (Fig. 1), 

but near the FFDB and possible VVS.  Still, the 

LLM plausibly could be responsible for the 6-

hPa deficit, as part of cascading pressure 

described by K10.  Although the McCook 65 s 

pressure data partially may support the K10 

cascade of vortices in theory, particularly the 

capture of the LLM pressure, visual and first-

person observations do not definitively support 

this scenario.   Video observations appear to 

show the LLM and tornado core some distance 

to the southwest of INPAR during the 65-s 

deficit.  Due to the deployment location of the 

INPAR in relation to the FFDB, possible VVS, 

and McCook LLM, the 65-s, 6-hPa pressure 

deficit could be a capture of at least some portion 

of the possible O17, O18, O20, F18, and F23 

PDL (Fig. 1). 
 

While the WS04, K10, and Blair et al. (2008) 

near and in-situ observations may have 

documented the possible O17 and O18 VVS and 

PDL, and likely the S13 and G18 LRR vortices, as 

seen in their respective pressure traces, the authors 

believe that the documentation of the Burnsville 

and McCook pressure fluctuations, along with the 

visual observations of the Burnsville bowl feature, 

could be the first-recognized observations of the 

possible O18 VVS and PDL.  However, additional 

in-situ observations within the possible VVS and 

PDL regions will be necessary to determine 
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whether pressure deficits, like those recorded 

during the Tulsa, Burnsville, and McCook events, 

can be replicated and distinguished between the 

LLM surface pressure falls.  The authors hope that 

this study's pressure and visual documentation 

will provide continued motivation for additional 

work and research of the possible O18 VVS and 

PDL regions.  

 

As described in section 4, the INPAR was 

validated in a wind tunnel with wind velocities 

up to 55 m s
–1

.  Results of the wind-tunnel test 

confirmed the INPAR capable of measuring 

static pressure in high-wind environments such 

as tornado cores, with a high degree of accuracy, 

and show the INPAR is comparable to the SL04 

HITPR.  Previous INPAR in-situ video 

observations during the Pilger, NE EF4 west 

tornado (DMH22) highlight the robust nature 

and survivability of the INPAR in-situ tornado 

probe.  Thus, the INPAR is well suited to 

accurately measure the static pressure near and in 

tornado cores and supercells, particularly with 

windspeeds near and above 40 m s
–1

. 
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APPENDIX 

 

Burnsville Video Links: 

Burnsville deployment location 1 video 

Burnsville reposition video 

Burnsville inflow video 1 

Burnsville bowl lowering video 

Burnsville corner flow video 

Burnsville impact 1 video 

 

McCook Video Links: 

McCook tornado video 2 FULL 
 

Contact Lanny Dean for data availability at 

led42@msstate.edu 
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REVIEWER COMMENTS 

 

[Authors’ responses in blue italics.] 

 

REVIEWER A (Sean M. Waugh): 

 

Initial Review: 

 

Recommendation: Accept with major revisions. 

 

Overall Comments:  The manuscript is well written and provides unique observations of exceptionally 

hard to observe environments, observations that are well worth publishing.  There are a few formatting 

issues and some minor comments that I have noted, as well as a few major comments that I would like to 

see addressed, but I believe that the manuscript is very close to ready for publication and have the utmost 

confidence that the authors can handle the suggested modifications.  I commend the authors for a job well 

done, both on the manuscript and the data collection efforts, which are by no means an easy feat. 

 

Thank you so much for your helpful and insightful review, which we believe has led to much improvement 

in our manuscript.  We believe we have addressed all or most issues/comments.  Specific responses to each 

comment are included below (major comments first…). Due to Sean’s expertise in sensors, design, 

implementation, and deployment, his review is much appreciated!  Please note:  Because major revisions 

were made in response to all reviewers, this study has undergone a major overhaul with many changes 

including but not limited to:  section rearrangements/additions, figure addition/retractions, reference/citing 

additions, overall language/overtone adjustments, and many other minor/major changes.  Of particular 

importance, I’ve added our Tulsa, OK, in-situ observations to this study, thus the title change of the paper 

to: "Pressure Measurements and Video Observations Near and Inside Three EF2 Tornadoes."  We believe 

the addition of the Tulsa event strongly helps to further lay foundation for reviewers and readers alike. 

 

Major Comments:  There are four pressure ports on the exterior of the probe at 90° increments around a 

circle.  The authors state that the wind direction can be determined by examining the pressure values from 

these ports as the pressure will be higher on the wind facing side and lower on the lee side of the probe.  

However, the text would imply that the highest pressure port observation is set as the wind direction, which 

would force the wind direction to be one of four options given the four pressure ports as you have no 

information between the ports.  Can the authors comment on the resolution ability of the probe and whether 

it can resolve wind directions on scales smaller than 45° increments?  Is there an interpolation done to 

derive the wind direction on a finer scale? 

  

While this is mostly correct, I think it is important to note that we state:  “estimated wind direction” and, 

“the pressure port measuring the highest/lowest pressure is the port the wind is coming from (e.g., the 

direction the wind is blowing)”.  Due to the placement of four pressure ports with a radius of 13 cm, the 

angular variation could be measured simultaneously. Since the pressure is highest in the direction facing 

the wind (new Fig. 5b), the pressure port with the highest/lowest pressure will indicate the direction from 

which the wind is coming.  The measurement at this point is equal to the free-stream static pressure.  Once 

the direction of the wind is known, the static free-stream pressure is also known.  This can be validated in 

SL04 and the adapted Eq. 4.  However, we believe we recognize the reviewer’s point, and I have slightly 

amended verbiage here.  Additionally, the validation of this can be seen in the new Fig. 5b (wind-tunnel 

windspeed vs. INPAR calculated/estimated windspeed) showing the actual “real” windspeed vs. the probe 

calculated windspeed (as also requested by the reviewer below). As one can see, the accuracy increased as 

the estimated/calculated wind speed increased as Cp became independent of X/L from near 40–43 through 

55 m s
–1

.  Due to reviewer #2 questions, I’ve shown this with exact values through each respective Q 

(applied wind speed within the wind tunnel).  I believe I have now clearly explained and shown the X/L Cp 

dependence and accuracy questions/concerns. 

 

During the Burnsville tornado, the INPAR was “deployed” in the back of the vehicle due to the conditions 

of the deployment described in the manuscript.  While the INPAR would have been exposed to the ambient 

environment to a degree, this is not a true exposure as it would be modified by the vehicle.  The pressure 



DEAN ET AL.  14 August 2024 

 

32 

 

certainly dropped as the tornado passed and the timing is correct, but the magnitude of the pressure drop is 

in question as flow over, around, and through the vehicle at this time could be causing localized pressure 

effects that would ultimately bias the pressure observations (either high or low depending on the flow).  

Furthermore, as the probe is sitting in a semi-enclosed space, this would naturally funnel the wind and 

pressure field through the vehicle, which would modify the natural wind field.  While the data can be 

shown, I think it should be made clear that there are significant concerns with the applicability of the data 

and resultant wind calculations.  Edit—this is somewhat addressed later in section 6, though I think a few 

additional points can be made as I note in comment 5.  I would suggest adding a more forceful statement 

here.  Something like:  “Given the issues during deployment into the Burnsville tornado, the data presented 

here are in question as numerous unintended influences could be biasing the observations.  As such, the 

observations are presented here for documentation and should be considered estimates only and should be 

used with caution.” 

 

Agreed, although it seems important to understand “partially deployed on” not in the back of the vehicle 

per se.  While we believe we have made our concerns with the Burnsville data abundantly clear, I have 

amended much of this section.  Additionally, I’ve added: “Given the issues during deployment into the 

Burnsville tornado, the data presented here are in question as numerous unintended influences could be 

biasing the observations. As such, the observations are presented here for documentation and should be 

considered estimates only and should be used with caution”.   

 

While the information in section 5 showcasing and discussing previous observations from other research is 

certainly relevant, it feels more like a background discussion that is more appropriate in the introduction to 

set the stage for the observations presented here.  I believe that moving much of this discussion to section 1 

in a section titled “Background” would be more appropriate, leaving this section to focus on comparison 

points from the observations presented here.  Furthermore, the numerous observational datasets provided 

does seem to conflict with an earlier claim in the manuscript regarding an absence of in situ observations.  

It may be more appropriate to say “extremely limited.” 

 

While we recognize and concede the reviewer's point, it was not our intention to showcase section 5 or any 

part of this study as a background or historical review of in-situ observations, but rather, showcasing the 

similarities of the roughly 21 previous pressure-deficit observational cases to the Burnsville and McCook 

(and now Tulsa) and compare all to the O17/O18 and F23 simulations.  However, I’ve added a new sub-

section (Background) within the Introduction as suggested.  I’ve given a light background of previous in-

situ tornado “probes” citing TOTO (Bedard and Ramzy 1983; Bluestein 1993; 1999) etc.  I’ve also lightly 

discussed (cited and referenced) a few successful past in-situ documentations describing the “V” shape 

characteristics of each respective pressure trace and shown the novelty of this study due to comparison of 

the 21 other in-situ observational case studies to hopefully help give additional background.  I have still 

retained section 5 as previous in situ observational studies, although I’ve amended much of this section 

(and most of the paper).  Of particular importance is the amended verbiage discussing the possible role of 

the LLM in the recorded data and the 21 other studies. 

 

While Fig. 14 is certainly relevant, I don’t think it tells a complete story for the comparison between the 

INPAR and the mesonet.  Comparing max and min values over entire days leaves out the possibility that 

these occurred at different times, or were significantly lagged from each other.  I strongly suggest that the 

authors add an additional figure here that shows a 1-to-1 comparison between the INPAR and the mesonet 

pressure day over the entire 96-h period.  I believe the mesonet data is available in either 1-min or 5-min 

increments, so I would suggest a plot comparing the observations on that scale, matched by time, to allow a 

direct comparison of the two observations in their entirety.  A difference plot could also be created that 

shows the difference between these observations at each time step. 

 

Agreed.  As reviewer #3 suggested, I’ve combined old section 6 with section 2 and amended much of this 

section thus, moving old Fig. 14 to new Fig. 4, old Fig. 15 to new Fig. 5a, and the addition of new figure 

showing the entire 96-hour INPAR vs. OILT test results over time in 5 min. increments, as requested.  I’ve 

also elaborated on the FS calculations adding two new equations (Eqs. 1 and 2) reflecting total FS 

calculations, as mentioned by reviewer #3. 
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The wind-tunnel test and Fig. 15 are slightly confusing to me.  It makes sense to put the probe into the wind 

tunnel, recording the pressure on the INPAR and derive the winds based on that pressure, to compare with 

what the wind tunnel speed was at a given point.  However, I don’t get that from the figure as I see raw 

pressure observations with marked sections of wind speed which I assume are the four wind tunnel speeds 

tested (22, 33, 43, and 55 m s
–1

).  A figure showing the wind-tunnel speed and the calculated INPAR speed 

would be informative here to showcase the ability of the INPAR to correctly resolve and derive the 

appropriate wind speed.  Additionally, while the authors mention that this does not represent the exact 

conditions of the Burnsville tornado, I think additional comments as to the likely influence of the vehicle 

could be added here to provide context for possible error sources.  I mentioned some of this in my second 

major comment. 

 

Apologies for any confusion regarding old Fig. 15 (new Fig. 4a).  However, the reviewer may be 

misunderstanding wind-tunnel testing.  The pressure variations were measured after applying the various 

wind speeds (as all wind-tunnel tests do to our knowledge)—you cannot record pressure variations without 

first applying the various wind speeds.  If we are understanding the reviewer's question/point, it’s just 

opposite of what the reviewer is saying.  The reviewer is correct in that the respective Qs (the Q’s are 

normal verbiage) are indeed the applied/tested windspeed within the wind tunnel and are shown as  

22 m s
–1

, 33 m s
–1

, 43 m s
–1

 and 55 m s
–1

.  It is believed the reviewer is requesting a basic one to one-to-one 

windspeed comparison showing the wind speed of the wind tunnel and the calculated speed on/of the 

INPAR?   

 

Update:  After communication with the reviewer and editor, we understand the reviewer is suggesting one 

to one type comparison of wind tunnel windspeed vs. calculated probe windspeed.  As such, I’ve added a 

new Fig 4b showing each respective Q (applied windspeed within the wind tunnel during each Q from 22–
55 m s

–1
) and the INPAR calculated windspeed.  As seen in Fig.5b, the “dip” or large shift at 22 m s

–1
 

through 33 m s
–1

 before becoming more “straight” near 40–43 m s
–1

 through 55 m s
–1

.  This highlights the 

flow separation at that those lower windspeeds as discussed in Section 3 with the XL and Cp dependence.  

This “separation” or large shift can also be validated in the Samaras and Lee (2004 literature).  Simply 

stated, the “straightening” of this dip near 40–43+ m s
–1

 (Q3) would indicate Cp being totally independent 

of XL starting at near 40–43 m s
–1

 continuing through 55 m s
–1

 (Q4) and very accurate, where wind speeds 

from near 33 m s
–1

 through just below 40 m s
–
1 show the calculated wind becomes less accurate, and Cp 

and XL become slightly dependent.  The 22 m s
–1

 (Q1) shows a large dip indicating not accurate, with Cp 

and XL totally dependent.  Hence, the concerns with the estimated wind data accuracy below 40 m s
–1

 as 

described in this study.  Also, we believe Fig. 4b and amended verbiage will assist reviewer #1 and 

reviewer #2, as well as the readers, in actually “seeing” the X/L Cp dependence (“in action”). 

 

[Minor comments omitted…] 

 

Second Review: 

 

Recommendation:  Accept with minor revisions. 

 

Overall Comments:  Generally, I am happy with the revisions of the manuscript and commend the authors 

for their work in addressing the concerns of the reviewers.  I have a few comments in this document, and 

have made several suggested modifications in a tracked changes version of the submitted document.  I only 

have one major comment for the authors which I believe is easily addressable.  I will mention however, that 

for some odd reason many figures in the main document appear to be incomplete, with only part of the 

picture loaded.  This very well could be a “me” issue or something wonky with Microsoft Word, but I 

mention it here so that the authors and editor can be sure to check the final proof to make sure that such 

issues aren’t present there.  For example Fig. 2 only loaded 2a and 2c, while Fig. 8 cuts off the entire right 

half of the image.  I know the figures are complete as I see their full versions in the “Figures” document, 

just not in the main document.  

 

The authors sincerely thank the reviewer for his continued time and effort in this review process. We have 

addressed all of the suggestions as noted below.  Regarding the Figures issue, we do not see any problems 

with the round one revision; however, I do see the same issues in the reviewer tracked change docx.  Just 
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as the last reviewer change docx, I had much issue trying to fix these issues.  I believe there may be a 

possible issue with Word—no matter what changes I make to the reviewer docx, it causes issues elsewhere. 

Thus, the Reviewer will likely see no changes to the reviewer docx.  Nevertheless, I have double and triple 

checked all figures in the current round two revision and believe they are all good.  Additionally, please 

note that many figures are small now (double column) as some of the changes requested by additional 

reviewer (3) increased the overall length of the paper.    

 

Major Comment:  In the Comparisons and Analysis section, a considerable amount of time is spent 

discussing the 2003 Stratford, TX tornado from WS04.  While I understand the need/benefit to compare to 

previous work and this is certainly relevant, this section read more like an analysis of data being presented 

in this paper rather than a simple comparison back to previous work.  Several times I had to remind myself 

that this was data collected by other researchers and not the INPAR.  I think this section could be shortened 

considerably by removing the discussion and description of the observations, and simply highlight the 

points where the observations compare directly to those collected by the INPAR.  This will keep the focus 

on the INPAR and the data you’ve worked so hard to collect. As it is there is nearly 2 pages of text before 

any comparison to the INPAR is made.  If the reader needs the detailed description of the data and the 

tornado, they should be able to go read WS04.  In my markup of the manuscript, I’ve highlighted some 

general areas in orange that I think are largely unnecessary to the point of this manuscript.  

 

Agreed.  I’ve removed/amended the suggested sections for readability/length. 

 

[Minor comments omitted…] 

 

 

REVIEWER B (Jana B. Houser):  

 

Initial Review:  

 

Recommendation:  Accept with major revisions.   

 

Summary:  This study is potentially an interesting contribution to the science, as it has close-proximity 

pressure, temperature and wind traces during a tornado intercept and a near miss.  However, I have several 

serious concerns that need to be addressed prior to approving this paper for publication.  Foremost, the 

authors are approaching this study with a deliberate intent to find certain features observed in numerical 

simulations, particularly the vertical vorticity sheet and pressure deficit lobe seen in Leigh Orf’s study.  

While I am a big proponent of Leigh’s work and laud his studies for their exceptional visualization, high 

temporal and high spatial resolution, and their contributions to accelerating our understanding of 

tornadogenesis, the science contained herein to support the authors’ claims is quite weak.  Furthermore, 

hinging an entire paper on simulated features that are found in a single numerically simulated storm 

representative of one extreme environment (although it was simulated quite extensively) is not ideal, 

especially considering the limitations of this simulation (particularly that it is frictionless).  The evidence 

presented herein to support the claims of what is being observed in the vicinity of the tornadoes is very 

circumstantial and the authors’ tone is mostly dismissive of other (in my opinion much more likely) 

alternatives.  At times the explanations provided do not provide a thorough explanation of the science. 

 

In its current form, the manuscript cannot be published, but I still think it could be with substantial revision. 

The motivation and angle need a major overhaul.  I would like to see the authors present their observations 

for face value, and offer a variety of potential hypotheses for what they could be observing.  This will 

require additional work to perform a more thorough literature review to see what else is out there.  [As an 

aside, the lit review is also quite weak.  The authors present a sparse representation of the current body of 

theory and hypotheses and do not demonstrate a thorough familiarity with the current state of the science. 

The exception is the studies they are choosing to focus on.] 

 

Thank you so much for your helpful and insightful review.  While an initial “tough” review is hard pill to 

swallow, we would like to personally thank Jana, for providing additional scientific insights and thought-

provoking ideas, ultimately helping curb our one-dimensional thought processes in early versions of this 
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manuscript.  Thus, her review is much appreciated, and we believe has led to much improvement in our 

manuscript.  We believe we have addressed many of the issues/comments in question.  Specific responses to 

each comment are included below (major points first, followed by specific points).   

 

[Editor’s Note:  duplicate reply note to first review omitted for space.] 

 

Major Points:  Your data are very circumstantial.  I think you have a story and you were fishing to find 

data that fits your story rather than trying to find all possible scenarios and identifying the best one.  I 

would like to see if the science tightened up better.  I think the addition of radar observations will hold that.  

Also, please be open-minded about other possible scenarios that could explain your observations not just 

the ones you want. 

 

While we do not agree with “fishing for data” verbiage, we understand and respect the reviewer’s point. 

After major revision to most, if not all, sections of this case study, I believe I have tightened up the science 

substantially. 

 

You are missing a good opportunity to use radar data to supplement your analysis and interpretation of 

events that happened here. 

 

We understand and appreciate the reviewer’s point, please see below.   

 

Why did you outsource to the NWS for your radar analysis?  If no one on your team feels comfortable with 

radar analysis, bring someone in and have them do the analysis and add them as a co-author.  

 

We did not “outsource”, it was a detailed collaborative analysis with the KNQA folks to validate our 

original findings. 

 

The distance to the radar, while a bit far, is still satisfactory for looking for radar-based clues.  The beam 

height is only about 1.5 km ARL, which is on the order of the upper-most reaches of the LLM and you can 

certainly resolve a new mid-level meso, if one is there. 

 

I have made a major change to this section. The reviewer is correct in that the lowest beam height at 0.5° 

would be ≈1.5–2 km or ≈4800–5000kft+ at 50–60 nm (which is at best, the upper most reaches of the LLM) 

at/near 2241 UTC.  However, this would be some 5–6 min before the observation of the bowl lowering 

feature.  A lot can happen in 5 min, as the reviewer very well elucidated in Houser et al. (2015, hereafter 

H15).  Additionally, we argue that just because a possible new MLM is or has formed, doesn’t necessarily 

always mean or definitively support the “old” LLM/tornado will/is occluding, cycling or dying (e.g., H15; 

Wakimoto et al. 1998; Wurman and Kosiba 2013; Davies et al. 1994; Wienhoff et al. 2020; Boustead and 

Schumacher 2008).  While the usual mesocyclogenesis process whether OCM [(e.g., Lemon and Doswell 

1979; Burgess et al. 1982; Adlerman 1999; Dowell and Bluestein 2002; Wurman and Kosiba 2012; 2013; 

French et al. 2013; Droegemeier 2002; 2005) or NOCM (e.g., Droegemeier 2002; 2005; H15) (which are 

now all cited and referenced)] is usually part of the overall cycling process of the supercell—as the old 

mesocyclone occludes, the newer mesocyclone further develops.  This doesn’t mean the “original” 

LLM/tornado is definitively occluding/dying at that moment (e.g., Boustead and Schumacher 2008; H15). 

 

We have some contention on our end with the exact scientific naming conventions/definitions of the LLM 

and or MLM with regards to height.  For example, where exactly is the lowest portion of the LLM, 

[especially as it relates to this study (0.5° 4800–6000 kft ARL at 50–60 nm)]?  Where does the upper end of 

the LLM end and the lower portion of the MLM begin?  If one could define these exacts, would these 

arbitrary values be the same for every supercell LLM/MLM?  We realize Coffer et al. (2023) give a 

“rough” comparison defining the LLM near the cloud base as the “low-level” mesocyclone at ≈1 km AGL 

(and is generally accepted), but they considered this level separate from both the MLM farther aloft “(in 

the midtroposphere between ≈3 and 6 km AGL) and the “near-ground” rotation that develops much closer 

to the surface (<250 m AGL; sometimes referred to as the “tornado cyclone”).  Even though Coffer et al. 

(2023) based their study on the LFC as it relates to dynamic upward accelerations, they specify the issues 

attempting to distinguish exacts between these LLM and MLM levels/values, citing the Markowski et al. 
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(2008) literature to support.  What if the LLM and MLM are vertically or nearly vertically aligned, and 

what then should we call them?  One giant mesocyclone, two independent mesocyclones, two mesocyclones 

with a tornado cyclone (e.g., Lemon and Umscheid 2008)?  While these questions may be rhetorical to 

some degree, they aren’t elementary.  Moreover, with the exception of Wood et al. (2017), most LLM/MLM 

studies have not distinguished between the MLM, LLM pressure-deficit, and the tornado core itself.  (Thus, 

our verbiage of the “mid – LLM” within this study). 

  

Due to the quality of the KGWX radar data due to beam heights ARL, distance, possible attenuation (of the 

northern mid-LL mesocyclone), we believe the addition of a radar analysis probably doesn’t add 

significant value to this study and appears to “muddy it up” further. [As an aside, I downloaded the Level-

2 data, did a brief investigation and indeed, there are 2 mesos at 22:41 at an elevation angle of 1.3°.  See 

below.]   

 

Loads of students are looking for opportunities to contribute to papers and to do this sort of base-level 

research.  Contact me if you need help finding someone… I have several students itching to do research 

like this! 

 

We sincerely thank the reviewer for the offer!  However, the second author of this study is a radar 

meteorologist, who actually assisted in “cleaning up” some of the noisy RaxPol data from one event back 

in the day. 

 

While we agree with the reviewer regarding two mesocyclones, we are not confident the “northern” 

mesocyclone (near 2241) had any meaningful impact to/with the Burnsville bowl lowering as it were (near 

2247 UTC on our GPS timestamps) or even the “southern meso” (southwest of Burnsville).  Our current 

thinking, after our second radar analysis, is that the “northern” meso at 1.3° (some 10kft+) only shows 

burden of proof that the Burnsville supercell likely went through MLM and or LLM cyclogenesis/occlusion 

(possibly multiple times (we find likely near 2150, 2234, etc.).  However, concern exists even at 0.5° (4500-

5000kft + at 2241) in attempting to classify the exacts of the LLM or the lower portions of the MLM—

where does one begin and the other end?  Hence the questions and reference to Wood et al. (2017) posed 

above.  Moreover, we have little confidence observing near-surface low-level features from KGWX 

near/during the bowl lowering (2247 our GPS timestamps) through the in-situ “deployment” (0.5° near 

5000–6200+ kft near 50–60 nm away from KGWX). 

 

I’ve attached a Level 2 four-panel screen capture (reflectivity, base velocity, ZDR, KDP) at/near 2243 UTC, 

highlighting distance and height ARL of both mesocyclones.  We did find some interesting features through 

analysis of the Burnsville supercell lifecycle (i.e., multiple dual ZDR arcs at various times – once right 

before tornadogenesis, weird ZDR–KDP separation angle vectors, a storm-relative velocity enhancement 

signature (SRVE) feature (when the supercell was closer to KGWX), and while these features are 

intriguing, we’d be speculating in stating that any of these features were related to the bowl lowering.   

 

In plain language:  While we would love to be able to identify, classify and define the exacts of each 

individual LLM, MLM placement, cyclogenesis etc., throughout the Burnsville event in its entirety, to 

possibly showcase a misovortex feature like the bowl lowering, we simply can’t due to KGWX WSR88D 

beam height, terrain, etc.  Additionally, this is not a radar-analysis case study.  We feel somewhat limited 

in the reviewer's request to define the exacts of the near-surface bowl feature that just might be associated 

with a LML at near 50–60+ nm away from the radar anywhere from 4900+ to 6000 kft. 
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Reply Figure:  All at/near 2243 UTC:  a) 0.5° base reflectivity.  Blue circle showing northern mid-LLM 

roughly 4 mi north of Burnsville at 5500–6000kft ARL.  Small white circle showing possible old BWER.  

Black circle probable LLM/ongoing tornado at 4900kft ARL at 56 nm.  b) 0.5° base velocity showing same 

as reflectivity with height ARL and distance, c) 0.5° ZDR  showing possible two non-disrupted arcs, d) 0.5° 

KDP.  

 

As alluded to in my overview, I think there are many plausible explanations for what you could be 

observing and describing throughout this paper that are not necessarily hands down what you are attributing 

the observations/features to. 

 

Agreed to a point. The reviewer's own formal literature, Houser et al. (2015), highlights dual LLM and 

tornadoes during the 24 May 2011 El Reno event, that did “not necessarily match a manner entirely 

consistent with any published conceptual models of cycling”, and may be consistent with the non-occluding 

cyclic mesocyclone (OCM or NOCM; Alderman and Droegemeier 1999, 2002, 2005) and I’ve expounded 

and cited this possibility. 

 

I am glad that you eventually mention the possibility of some sort of occlusion process in the Burnsville 

tornado, although I don’t believe this was an occlusion, but rather a new meso forming out ahead of the old 

one.  Typically, occlusions occur further back towards the western portion of the storm, while a new 

mesocyclone develops out in front of the old one to the north east.  As it happens, this is exactly where you 

are describing it.  The positioning that you described matches very nicely with the conceptual model of a 

cycling super cell (check out Adlerman and Droegemeier’s work from the early 2000’s.)  In such a case, 

this secondary bowl-shaped lowering would indeed be associated with a mesocyclone, and it would move 

to the east, as you describe.  You can very easily discern that from radar data provided the storm is within 

close enough proximity to the radar to resolve a smaller scale feature.  It is thus entirely possible 

(probable?) that there could have been a cycling process going on with a second funnel occurring 

independently of any sort of forward flank convergent boundary or small scale vortices along the boundary.  

I would personally feel much more comfortable with the claims that you were making if you had additional 

meteorological context, provided in terms of storm structure (reflectivity) and radial velocity data for the 

storm at the least. 

 

Please see above. 
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I don’t see the logic behind the argument that dismisses the idea of an occlusion because the first tornado’s 

path is continuous, which you then use as evidence to refute the possibility of the ball shaped feature being 

associated with another mesocyclone.  How does a single damage path possibly rule out the latter? Maybe 

there was not a tornado with the bowl-shaped feature, but it could very well have still been an intensifying 

LLM and perhaps even a marginal tornado.  I have personally encountered this scenario (i.e. seeing a bowl-

shaped lowering, experiencing strong winds beneath it without a formal tornado report) more than once in 

the field chasing myself. 

 

Agreed.  I’ve removed the entire occlusion discussion as it were. 

 

Another important note about this feature is a scale comparison.  The Orf simulations suggest these vortices 

referred herein as part of the VVS along the forward flank convergent boundary are quite small scale, like 

tens of meters or so wide.  I suspect this feature that you are referring to was likely larger than that which 

would perhaps argue that it is something else.  Based upon the photograph and video data, the scale of this 

looks much more akin to a low level mesocyclone than a smaller scale misovortex. 

 

While the Orf et al. (2017/2018) simulations do suggest the VVS vortices would be quite small, likely 

supported in Snyder et al. (2013) and Griffen at al. (2018), we strongly disagree with the reviewer’s scale 

size opinion of the bowl lowering and argue the bowl lowering was/is indeed roughly “tens of meters wide” 

(i.e., misovortex type), NOT LLM scale.  As requested by reviewer #3, I have uncropped the old Fig. 7 (new 

Fig. 9) and slightly enhanced the contrast to better show the bowl feature size and shape characteristics.  

We believe the new Fig. 9 (along with the video) clearly show the bowl feature was not an LLM as it 

appears the reviewer is suggesting.  Additionally, we respectfully remind the reviewer that the probe 

cameras have a 170° field of view (FOV), [which is] very wide.  This wide-angle FOV skews the size of 

objects within the video—especially the closer the object is to the video cameras (this type artifact can be 

seen in DMH22), and any wide-angle video or still camera lens.  In short, the closer the object, the wider it 

would appear within the video.  

 

Our first observations of the bowl lowering appeared as if [it were] moving easterly, not westerly (in a 

storm-relative sense), however, due to the reviewer #3 and reviewer #2 comments, and our own questions, I 

took the video to independent video engineers in Tulsa, OK (one being a meteorologist).  We spent 6 h 

reviewing the entire Burnsville second deployment, particularly the bowl lowering, studying the video 

frame by frame (29.97–60 fps) from near 2246:54–2247:09 (our GPS time stamps before/during/after the 

bowl lowering).  Results from the three different video engineers (one being a meteorologist) show the 

Burnsville bowl lowering was rotating cyclonically, and was indeed moving from east to west (i.e., moving 

westerly toward the tornado), not away from the tornado.  Reviewer #3 also makes note of this, and he was 

not wrong.  This can be seen in the video playing it slowly.  T his was our mistake that should have been 

caught.  My sincere apologies to all reviewers.  Nevertheless, this “finding” also suggests that the 

Burnsville bowl lowering may not be associated with an LLM cycling phase, and more likely a possible 

VVS vortex or LRR type (misovrtex), as we continue to believe, and as seen in O17, O18, O20, F18, and 

Finely et al. (2023).  However, because this feature was close to the LLM, as the reviewer correctly 

suggests, it could be associated with an LLM “occluding mesocyclone” or possibly even a “non-typical 

non-occluding cycling” phase, as described in Adlerman and Droegemeier (2000, 2005) (cited and 

referenced), and what is likely seen in the reviewer’s own formal literature (Houser et al. 2015) (cited and 

referenced). 

 

Additional review from the front seat (right side) researcher, indicates “a bowl lowering that was rotating” 

was observed “looking out the front windshield toward the center left” (i.e., toward the driver’s side) of the 

windshield near 2246:54 (of which her audio can be heard in the video “hurry up,…get it…” near this 

timeframe).  The independent video engineers matched up the researcher’s audio to the video and GPS 

timestamps with an accuracy of ±23 video frames (<1 s with 29.97 fps).  This researcher observation and 

audio timing analysis is critical, because it places a “rotating bowl that was lowering” on the left-hand 

side (northeast side) of the research vehicle (i.e., just northeasterly if not partially above) at/near 2246:54 

±23 frames.  The next visual clue comes roughly 6 s later from the probe video at 2246:59:20 (our GPS 

timestamp—hours, minutes, seconds, frames), which shows the bowl lowering just to the west of the 

researchers, moving along Highway 72, as seen in the Burnsville bowl-lowering video.  I’ve attached an 
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adapted version of the Beck and Weiss (2013) conceptual model below that most resembles our deployment 

position, with respect to the supercell shape, direction of travel, FFCB/FFDB, LFCB, RFGF/RFDB and 

tornado core.  I’ve highlighted the rough position of the first observations of a “bowl lowering” from the 

researcher in the passenger front seat near 2246:54 (via video and audio analysis).  I’ve also highlighted 

the first probe video observations of the bowl lowering at/near 2246:59:20–2247:05 (our GPS 

timestamps). 

 

 
 

The video engineers were also able to roughly estimate/measure the overall size/width of the bowl lowering 

starting near 2246:59:20 through 2247:05:20 (hours, minutes, seconds, frames).  [Editor's note:  Still video 

captures omitted for space, and in deference to the ethical consideration expressed in the final manuscript.]  

The independent video analysis show that at 2246:59:20 the bowl lowering upper width was roughly 12.5 

m or roughly 41ft, while bottom portion was roughly 6.9 m.  At 2247:00:14, the upper portion of the bowl 

lowering was roughly 13 m or roughly 43ft, and the bottom portion was roughly 5 m.  The bowl lowering at 

2247:01:10 [had an] upper width at roughly 14 m or 46ft, and the bottom portion roughly 3 m. 

 

Of particular importance, in the bottom right of all still images a cell phone tower is noted.  While the bowl 

lowering slightly grew in size, as it somewhat “descended”, making it appear as though it was moving 

toward us, (if it looks like it’s not moving but only getting bigger, it is likely moving toward you mentality), 

the bowl never made it even with, or past the cell phone tower, moving in either a westerly or easterly type 

direction. Independent video analysis shows that the bowl feature sharply moved toward the right (the 

north) closer/into the FFD/core just before the view of the feature is lost as the third author (RH), turned 

the probe slightly toward the Burnsville tornado (southwest of the researchers/Highway 72).  At this point, 

the bowl feature is not seen again.  Snyder et al. (2013) LLR observations and particularly the Griffen et al. 

(2018) observations and follow up study, highlight an inclination (“kink”) on/near/close/in the FFDB that 

would “drag” (for lack of a better word) the LLR vortices further into the core. Assuming these LLR 

vortices are indeed related to/a part of the VVS, supports the sharp right turn of the bowl lowering deeper 

into the core (e.g., Griffen 2018).  Thus, possibly not related to an LLM cycling phase.  

                

We understand the reviewer is suggesting the Burnsville bowl lowering is associated with or may be the 

LLM itself.  There are four major caveats with this suggestion:   
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1) Through the entire independent video analysis, the Burnsville bowl lowering never exceeded 14 m or 

roughly 46ft in width throughout its column.  We consider this size comparable to a mesovortex, and not 

LLM “size” (based on formal lit).   

\ 

2) In 33 years of storm observing, we have never witnessed a LLM that would be this size (this small) and 

we can find no formal, or even grey literature for that matter, which defines a possible LLM that is this 

size.   

 

3) The bowl lowering was not/did not move easterly (in a storm-relative sense) with mean storm motion per 

se.  To reiterate, our initial observations were incorrect, likely due to depth perception, conditions during 

deployment, injury, etc.  However, the independent video analysis confirms the bowl lowering was of 

misovortex size, and that it was along/near the FFCB/FFDB moving westerly, toward the Burnsville 

tornado.  Had it not been for this review process, and getting the independent video analysis complete, 

we’d likely still hold the same original conclusion, that the bowl lowering was moving toward the east.   

 

4) The formal findings of Snyder et al. (2013) with the Griffen et al. (2018) follow up study, showcases the 

lifecycles of the LLR. The inclination (kink) occurs on/near the FFDB within the developing stage.  The 

location of the bowl feature correlates very well with the Griffen et al. (2018), Orf et al. (2017; 2018; 

2020) and the F23 simulations. 

 

Also, just because the radar was too far away to get good low level data does not supersede the fact that 

there could indeed be a level mesocyclone there.  Please don’t dismiss this possibility that just because the 

radar data are not able to observe such a feature going to the geometry.  I am skeptical.  (Also, upon 

investigating the radar data myself, I think I am coming to a different conclusion). 

 

Agreed, and I’ve offered other possibilities in the revision.  Please see above. 

 

It is my opinion that there is a decent amount of superficial text in your narrative that does not ultimately 

contribute to your storyline and scientific objectives.  I challenge you to go back through your paper and 

identify these parts of the paper and remove them or give them down substantially.  Keep your mindset 

toward the goals of your work and the data you need to supply to prove your hypotheses. 

 

Agreed.  I’ve made major changes to the overall paper including removing superficial text, added 

additional previous and recent formal literature, amended/changed verbiage throughout, and diligently 

attempted to tighten up the overall science.   

 

Bottom lines:  Reframe your narrative and motivation away from explicitly looking for the features 

described in Leigh’s work. (Even if this was the actual motivation, your results simply cannot substantiate 

the presence of these features.) 

 

While we respect the reviewer's statement, and agree to a point, we disagree with moving our entire 

motivation away from the Orf et al. research simply because there is not full consensus throughout the 

meteorological community.  Most respectfully, this request almost seems counterintuitive to the overall 

promotion and forward progress of the meteorological sciences.  Take for example, if not for the early 

numerical/simulation work of say of Davies-Jones (1984), then Markowski et al. (2012) observations and 

findings likely wouldn’t have come to fruition.  Similarly, Houser et al. (2015) observations likely wouldn’t 

have been understood/found if not for explicitly looking at the previous simulation work of Adlerman and 

Droegemeier (2002, 2005).  Nevertheless, I’ve slightly adjusted our narrative, tightened up the science, 

discussed other possibilities, and toned down the SVC language.  

 

Add a radar analysis component in addition to your pressure traces so that you can put your locations into 

broader storm-scale context and analyze the data in terms of velocity and reflectivity structure (you could 

even include dual-pol data). 

 

Please see above. 
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Remove superfluous text that doesn’t really advance the story or support the scientific goals. 

 

Agreed. I’ve removed much superficial text for clarity and readability.   

 

Tone down the language about what you are observing.  I am not convinced of your story based upon the 

data presented.  There are many possible explanations for what could be happening (you even nicely 

incorporate many of these explanations yourselves!).  Your grounds for dismissal of most of these 

alternative hypotheses are generally quite weak, and in my opinion, are not sufficiently supported to refute 

the alternatives in favor of what you are proposing. 

 

I’ve attempted to “tone down” the overall observational language, added other possible 

explanations/formal literature, added/amended data presented, removed unfounded science, and attempted 

to strengthen/explain any dismissal opinions we might have. 

 

[Minor comments omitted…] 

 

 

Second Review: 

 

Recommendation:  Accept with (less-)major revision. 

 

I appreciate the time and effort that the authors took in responding to my review as well as those of the 

other 2 reviewers.  The manuscript is greatly improved as a result of your careful work and your diligence.  

I sincerely applaud the authors for the efforts exerted.  However, there are still several issues that need to be 

resolved.  Many of these are minor and are editorial in nature. As a result, I chose to work directly from the 

paper itself, using the Word review tools to edit and offer comments/suggestions for improvement.  Please 

do note that some of the comments require a bit of thought and re-working of text.  As such, revisions are 

still required from my perspective.  Lastly, thank you (to the authors and the editor!) for your patience with 

me for the delayed review! 

 

The authors sincerely thank the reviewer for her continued time and effort in this review process and we 

appreciate the reviewer’s suggestions.  We have addressed many/most of the suggestion/concerns, as noted 

below.   

 

[Reply on formatting in minor-comments area omitted...]  

 

Major Comments:  I found your consistent introduction of acronyms to be confusing and overused.  There 

are so many it is hard to keep them all straight.  As one moves forward into the document, I kept having to 

look back and find where you defined your acronyms as they are not all commonly used.  I recommend 

only using acronyms for the most frequently used terms. 

 

Agreed.  Apologies for any acronym confusion.  I’ve attempted to amended or remove unnecessary 

acronyms while trying to keep only the most important. My apologies if I’ve missed any.  We understand 

the Reviewer had concerns with the use of the VVS, PDL etc. in the round-one review.  As stated in the 

author replies from round one, the VVS was/is used extensively in Orf et al. 2017; 2018; 2020, and Finley 

et al. 2018; 2023, as well as other lit.  The UDI was used in our last formal (e.g., DMH22) and used 

extensively by the NWS.  The LLM, FFCB, FFDB, RFDB has been used in a plethora of formal lit for years 

(likely too many to cite here).  Thus, please do note, we continue to use the PDL, VVS, FFDB, FFCB, 

RFDB, etc. throughout.  However, I’ve tried to clean up redundant acronyms or places where I should have 

used them instead of actually writing them out followed by the acronym (and vice versa).  We hope this is to 

the Reviewers satisfaction.  Another thought that just occurred to me:  it might be possible to add an 

additional Appendix listing the associated acronyms if this may help?  Of course, this is likely dependent on 

the Editor and length of the paper.  It is our understanding that EJSSM manuscript length limits are 32 

pages, and with the current changes the reviewer is suggesting, may put us close or over that limit. 
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There are still some issues with the introduction that need to be remedied.  I found the material to be 

disorganized, particularly the last page or so of the intro and then sporadically through the presentation of 

your cases/results. 

 

Agreed.  I have diligently attempted to clear up further areas of disorganization in the Introduction and 

throughout.  Direct comment to the Reviewer: We very much appreciate your suggestions/edits offered in 

the docx sheet in this section.  They were very helpful, especially to newer authors such as ourselves.  

Please note though, the reviewer's request to modify or move the subsection (a) in the Introduction has not 

changed. During the first-round review, reviewer #1 recommended adding that subsection to lightly 

introduce past in-situ observations, which we agreed. We feel the manuscript flow is sufficient through this 

part of the section. Although, please note, we have added the reviewer's recommended suggestion 

regarding “owning to the pressure field in the forward flank”, and then changed the subsection (a) to:  

“Background—past pressure observations”.  We believe this change, as well as others throughout, have 

substantially helped with organization, clarity, readability, and overall flow.         

 

I also think there is still room for improvement in your description of your instrumentation.  I understand 

that you are referencing another one of your works, but you are also going into some detail here as well. 

 

Agreed to a point.  [Importantly] we are not just referencing one of our previous works, but also the 

Samaras and Lee (2004) lit.  We believe that understanding the Samaras and Lee (2004) literature in a 

reviewer capacity is critical to understanding the wind-tunnel test results, the X/L, Cp, and the recorded 

data/results from the three events described.  I’ve attempted to lightly change some verbiage regarding 

instrumentation to hopefully help the reviewer understand. Because reviewer #1 and reviewer #3 found no 

additional issues with the instrumentation descriptions from the last revision, with reviewer #3 "Accept" 

recommendations, and reviewer #1 "accept" with only one minor issue (not related to the instrumentation 

or explanation of such), I’d hate to make major or even multiple minor adjustments here - taking two steps 

back for one step forward if you will.  But for the sake of this reviewer, in addition to adding the point [Fig. 

2a (old Fig. 1a)] in the round-one revision, I’ve lightly adjusted explanations in this section.  I’ve also used 

references in addition to assertion with explanations. 

 

Regarding the X/L, Cp, and associated “values”, and wind tunnel data/results, this is not new theory with 

regards to in-situ probes.  Samaras and Lee (2004), which is cited and explained (in detail) along with our 

own previous formal lit (Dean et al. 2022), which provide clear definitions and we believe 

answers/addresses most, if not all, of the reviewer's questions/concerns.  Therefore, we very, very 

respectfully ask the reviewer to familiarize herself with the Samaras and Lee (2004) lit.       

 

I still think your writing at times is a little too speculative in an effort to boost what you are hoping to 

prove.  I commented in the tracked changes document where I thought this particularly needed to be 

addressed. 

 

Agreed to a point.  I’ve made much of the reviewer's recommended changes listed to cut down on the 

speculation.  

 

There are also places with the content is still a bit disorganized.  For example, you talk about one thing, 

then talk about another thing, then return to thing #1.  Please be mindful to consolidate topics so that you 

are only talking about them once or sequentially in a temporal sense.  Comments in the document highlight 

these areas, but I encourage you to go back through with this in mind and reorganize as appropriate. 

 

Agreed to a point, and I’ve made multiple light changes throughout, including rearrangement of one 

section, as the reviewer suggests, and removing/amended much of another section suggested by reviewer 

#1 (this would be part of the WS04 pressure-trace section). 

 

[Minor comments omitted…] 
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REVIEWER C (Kelton T. Halbert): 

 

Initial Review: 

 

Recommendation:  Accept with major revisions. 

 

General Comment:  I'd like to start with the positives first.  The authors have done a very thorough job 

describing their instrumentation, design, calibration, testing, validation, and comparisons with other similar 

observation platforms.  While instrumentation design and implementation is not my specialty, I feel like the 

authors have done more than their due diligence in ensuring that the measurements are quality enough to 

compare with other sensor probes used in this manner.  To me, this is the bigger and harder hurdle to clear, 

so well done on doing everything from wind tunnel tests to mesonet comparisons.  The comparisons to 

other pressure logging probes placed in the vicinity of tornadoes was thorough, and I couldn't find any fault 

with the comparison and analysis between these different observations and platforms.   

 

I do have some comments, concerns and suggestions that I would like to see the authors address. Most of 

the nitty-gritty details are in the .docx comments, so below are a few overarching things I noticed. 

 

Thank you so much for your helpful and insightful review, which we believe has led to much improvement 

from earlier versions of our manuscript.  Due to Kelton’s history, study, research, and deep understanding 

of the SVC and related features via simulation work with Dr. Orf, his review/comments are most especially 

important to this case study and are very much appreciated.  We believe we have addressed all or most 

issues/comments.  Specific responses to each comment are included below (overarching replies first, 

followed with the docx. replies). [Editor’s note:  duplicate note to other replies is excluded here for space.] 

 

Substantive Comments, Overarching:  Section 3 (Tornado case descriptions):  Other reviewers and the 

editor may have different opinions, so this isn't a hard stop on the paper, but I personally feel that large 

sections of Section 3 can be trimmed down to improve the readability and focus of the paper. Right now, 

they read like full day chase logs, and while thorough, not all of those events and descriptions pertain to the 

recording and analysis of data. The photogrammetry attempt isn't really used anywhere else and isn't super 

thorough, for example. 

 

We believe reviewer #3 actually means Section 4 (Case events), not section 3 (Probe operating principle)?  

Agree.  I’ve amended much of Section 4 (Case events) including a few figures:  removed old Fig.5b due to 

redundancy, removed old Fig. 8b (inflow schematic), and removed the entire photogrammetry section.  I’ve 

also rewritten or modified much of this section to help readability, flow and focus of the paper.  

 

Along these lines, while I admire the forthrightness about the close encounter with the Burnsville tornado 

and using it as a teaching moment, its inclusion in the paper feels unnecessary to me.  However, I will leave 

it to the Editor and other reviewers to determine whether or not these changes would be necessary for 

publication. 

 

We strongly but respectfully disagree with removing the Burnsville event/close encounter.  We believe that 

many of the Burnsville observations are not only a good teaching opportunity, but also may include 

important features/observations (including those that may seem trivial) that are likely relevant to the 

“possible” SVC (e.g., LFCB, FFCB, inflow etc.) and our possible position to these particular features.  

While the means of obtaining the Burnsville data wasn’t “pretty”, we believe it is still very valuable data 

for any future studies/publications.  However, I have removed mention of being struck by the Burnsville 

tornado in the Introduction (as recommended by reviewer #1) and have carefully and methodically 

attempted to weave this into/around the remainder of the paper.  We agree that our efforts to be as 

thorough as possible (also noted by reviewer #2) have forced the Burnsville case in this study to read 

somewhat like a chase day log.  However, review of the Blair et al. (2008) literature (published in this 

journal) and the Lee et al. 2004 literature, also could be read as such.  Nonetheless, I’ve removed much of 

the “chasing blog” type format and tightened the science substantially throughout.  We believe there is 

much scientific merit in the remaining first-person scientific and video observations, which seem especially 

important considering the lack of these types of in-situ observational data since 2013. 
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Section 6 placement:  It is my personal opinion that section 6 could be combined with section 2, since the 

data validation in the wind tunnel and with the mesonet feel related enough to be combined.  It may require 

some extra work reformatting it to flow well with describing the impacts of the partial car deployment, but 

I believe it would improve the logical flow of the paper. 

 

Agreed.  I’ve combined old section 6 with section 2 and have rewritten/amended much of section 2.  This 

rewrite forced us to move old Fig. 14 to new Fig.4 and old Fig. 15 to new Fig. 5a (and associated 5b).  

Two new equations were also added for full-scale (FS) testing elaboration (with remaining 

figures/equations following suit).  Additionally, I’ve written/added a new section 6 (Theoretical concerns 

and observational considerations) discussing the impacts of the Burnsville “partial” deployment and 

possible issues with Cp, XL and angular dependence. 
 

Improvements to figures and equations needed:  Figure 3, Fig. 5, and Eqs. 1 and 2 are a little bit under-

baked.  The figures in particular could use some reformatting to make more efficient use of space in the 

paper, and the equations are on the low-resolution side and mixed between LaTex and normal keyboard 

format.  It would be appreciated to generate higher-quality equation images and to format all of them in 

LaTex-style for readability purposes.  Finally, while mentioned in the review document, Fig. 7 could use 

some updating or modification to make the bowl feature more visible to the reader. 
 

Agreed.  I have attempted to “re-bake” the old Figs. 3, 5 and 7. Old Fig. 7 (new Fig. 9) has been replaced 

with the original (uncropped) video screen capture, and I’ve increased contrast, tone, and size slightly.  As 

mentioned above, I’ve also added equations as requested and rewritten all equations to hopefully help 

quality and format. 
 

Substantive Comments, Scientific:  Identification of storm-scale features:  For the most part, the authors 

do a reasonable job about leaving certain things as inconclusive in their identification due to lack of data.  

However, there are a few sections where the scientific justification and logic don't quite support the claims 

being made. Not in that they are patently false, but because they don't quite exceed the burden of proof 

required for definitive claims.  I don't think that it prevents the paper from publication, but does require 

some editing to make these uncertainties in interpretation a little more clear.  With the absence of radar data 

analysis (or quality radar data, as is the case in the Burnsville event) in the paper, and the fallibility of 

human assessment of storm-scale features, it's just a good precaution to be a little more open-ended with 

some of this.  It is especially challenging since it is near impossible to determine smaller-scale storm 

features using a pressure trace alone, since many things can serve to lower/raise pressure within a supercell 

(strengthening/weakening mesocyclone, vortices, boundaries, etc). 
 

Agreed.  I’ve attempted to clear up the justification and scientific logic in rewriting or amending most all 

sections.  I’ve removed the tornado/inflow boundary layer and the Kosiba and Wurman reference/citing.  

I’ve attempted to either clarify or be much more open-ended/tone down the language with regards to 

storm-scale features, particularly the SVC (as strongly recommended by reviewer #2.).  I’ve amended 

verbiage to include “possible SVC”, or “possible SVC location” etc. throughout. 
 

Additional citations:  There are a few sections scattered throughout the paper that could possibly use some 

further citation or elaboration.  Some of these claims may be considered common knowledge, but I would 

appreciate revisiting some of them and making sure that those claims can be properly and thoroughly 

backed up.  This also includes the need for citation for any software libraries used in the development of 

the probe or in the analysis of the data, or even in the citation of the wind tunnel used (if available). 
 

Agreed. I’ve added numerous citations throughout (e.g., Oklahoma mesonet; Brock et al. 1995; National 

Research Council 2009; McPherson et al. 2007 and multiple others), and external links, (e.g., full-scale 

pressure-sensor calculations, software libraries etc.) or elaboration throughout. 
 

Descriptions of the streamwise vorticity current:  There are several sections that make reference to the SVC 

as if it is a known fact that it is present within the storm being analyzed, but as of now, it is unknown what 

percentage of tornado producing supercells have an SVC, or if an SVC is even required to be present at all.  

Because of this, it would be more appropriate within the analysis to use phrasing such as "the 

possible/probable location of an SVC, if present".  Unfortunately, without RHI radar cross sections, it is 
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really hard to identify the presence of an SVC, even if cloud features are present that indicate one may 

exist.  I'm pretty sure the TORUS field catalog has some radar data from the McCook, NE tornado day that 

may help prove the presence of an SVC, or perhaps there are publications post-TORUS that can be cited 

that say so.  This may feel nitpicky, but it's an appropriate caveat that needs to be said when undertaking 

scientific analysis of the data. 
 

Totally agreed.  I’ve amended verbiage to indicate the unknown percentage of supercells having an SVC 

etc., and made changes to reflect the “possible SVC” verbiage accordingly (I am trying to tone down the 

SVC language as requested by reviewer #2).   Additionally, I cited the 2019 TORUS field catalog for the 

McCook event.  We will likely never know for certain if the Burnsville supercell had an SVC, despite our 

continued belief is that the Burnsville bowl lowering is likely an SVC VVS vortex. 
 

While an SVC was documented in great detail during McCook event Satrio (2023), he also traced parcel 

trajectories “backward” and not only found concrete evidence of the SVC, but also vorticity budgets 

showing strengthening of the McCook, NE, LLM with parcels that originated within the forward-flank 

region of the McCook supercell (i.e., along and behind the FFCB/FFDB), proving that the SVC is 

legitimately physical.  Still, it is unknown what percentages of supercells actually have an SVC or what 

role, if any, the possible SVC might have on the LLM, tornadogenesis, maintenance, or decay, and we have 

stated this verbatim.  
 

While I assume reviewer #3 is aware, I doubt the rest of the reviewers/editor are.  Through heavy personal 

discussions and collaboration with Dr. Orf, following our dataset of the Burnsville event, he successfully 

placed ground-based “location pressure probes” within his El Reno simulation, near/in the same areas of our 

“real world” observations (e.g., VVS; PDL “the death banana”).  I believe his findings were eerily similar to 

our “real world” findings, which I think might possibly be showcased in the future-–I do not know that for 

certain--hence, the reason I initially did not use more open-ended verbiage.  This was also likely due to 

author sloppiness on my part.  As mentioned above, I believe I have now corrected the reviewer concerns. 
 

Uncited/undescribed error metrics (section 6):  In section 6, the percentages are mentioned without context 

as to what they are.  Presumably, they are error percentages, but there's no equation or process description 

of the percentage.  Because of this lack of clarity, I believe the error metrics to be slightly erroneous, as the 

numbers don't quite match the best-practice error metric used for pressure sensors using the full scale (FS).  

It doesn't severely impact the scientific interpretation of the data, but at best it's vague and needs 

clarification, and at worst, using the wrong metric to calculate sensor error.  Additionally, the probe data 

are compared to the mesonet, but I did not see any citation of the Oklahoma Mesonet or description of the 

sensors being compared to, making it hard to fully contextualize the comparison.  The Oklahoma Mesonet 

has a paper citation that should be a part of this analysis. 
 

Agreed.  The original calculations were indeed “truth test” errors that allowed us to get our foot in the 

door at the wind tunnel.  However, I’ve amended/included the correct FS metric error with equations 

(formatted) and citation/reference. As mentioned above, I’ve added citations, references, or in-text links 

such as the Oklahoma Mesonet, etc. where appropriate. 
 

[Minor comments omitted…] 
 

Second Review: 
 

Recommendation:  Accept. 
 

General Comment:  Thank you to both the author and the editor for your patience in the reviewing of this 

manuscript.  Having read the review replies and the revised edition of the manuscript, I am very pleased 

with the current state of the logic, flow, citations, and claims made wtihin the paper.  The scope feels more 

well defined, and the authors have adequately addressed all concerns and changes indentified in the review 

process.  With this in mind, I see no problems in accepting this article for publication. 
 

The authors very much appreciate Kelton’s time and patience through this review process.  Please note:  a 

few things have changed, such as figures are small now (double column) and multiple minor changes 

requested by [another] reviewer.  Again, we thank the reviewer for his time. 


