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ABSTRACT

A supercell produced a nearly tornadic vortex during an intercept by the Second Verification of the Origins
of Rotation in Tornadoes Experiment on 26 May 2010. Using observations from two mobile radars per-
forming dual-Doppler scans, a five-probe mobile mesonet, and a proximity sounding, factors that prevented
this vortex from strengthening into a significant tornado are examined. Mobile mesonet observations indi-
cate that portions of the supercell outflow possessed excessive negative buoyancy, likely owing in part to
low boundary layer relative humidity, as indicated by a high environmental lifted condensation level.
Comparisons to a tornadic supercell suggest that the Prospect Valley storm had enough far-field circulation to
produce a significant tornado, but was unable to converge this circulation to a sufficiently small radius.
Trajectories suggest that the weak convergence might be due to the low-level mesocyclone ingesting parcels
with considerable crosswise vorticity from the near-storm environment, which has been found to contribute to
less steady and weaker low-level updrafts in supercell simulations. Yet another factor that likely contributed
to the weak low-level circulation was the inability of parcels rich in streamwise vorticity from the forward-
flank precipitation region to reach the low-level mesocyclone, likely owing to an unfavorable pressure gra-
dient force field. In light of these results, we suggest that future research should continue focusing on the role

of internal, storm-scale processes in tornadogenesis, especially in marginal environments.

1. Introduction

Tornadoes pose a serious threat to human lives. From
2003 to 2015, tornadoes were responsible for over one
thousand deaths in the United States (SPC 2018). In an
effort to reduce tornado-related deaths, it is important
to accurately forecast tornadic storms and convey these
forecasts effectively to the public. Unfortunately, it is
difficult to forecast exactly when and where a tornado
will occur. For example, from 2003 to 2015, only about
two-thirds of tornadoes occurred in tornado-warned
areas and about three-fourths of tornado warnings
were never associated with a tornado (Anderson-Frey
et al. 2016). One way to improve the probability of
detection for tornadoes and reduce the number of false
alarms is to better understand the conditions and pro-
cesses that result in tornadogenesis or tornadogenesis
failure.
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a. Tornadogenesis within supercells

Owing to the disproportionate number of significant
tornadoes' produced by supercells compared to other
storm modes, tornadogenesis research has focused pri-
marily on supercells (e.g., Davies-Jones 2015; Markowski
and Richardson 2009). A supercell is a thunderstorm that
possesses a rotating updraft; the region of rotation is
termed a mesocyclone (Davies-Jones 2015). Supercells
possess several unique characteristics compared to ordi-
nary convection, including the ability to persist for several
hours in a near-steady state and propagate in a deviant
direction from the mean wind (Browning 1964; Davies-
Jones 2015). Owing to the attention supercells received
from the severe-storms community, much is known
about their structure (e.g., Browning 1964; Brandes 1978;

! Significant tornadoes are those rated =F2/EF2 on either the
Fujita (F) or enhanced Fujita (EF) scales. The National Weather
Service adopted the EF scale on 1 February 2007.
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Lemon and Doswell 1979; Beck and Weiss 2013), their
dynamics (e.g., Rotunno and Klemp 1982, 1985; Klemp
and Rotunno 1983), and environments favorable for their
formation (e.g., Weisman and Klemp 1982, 1984).

Tornadogenesis within a supercell, in the absence of
preexisting vertical vorticity near the surface, can be
conceptualized in three distinct steps (e.g., Davies-Jones
2015). First, horizontal vorticity associated with envi-
ronmental vertical wind shear is tilted by an updraft to
produce vertical vorticity aloft. When the tilted hori-
zontal vorticity is streamwise, the updraft and vertical
vorticity regions coincide (Rotunno 1981; Davies-Jones
1984), forming the midlevel mesocyclone. Second, ver-
tical vorticity must develop near the surface. Previous
studies have found that downdrafts play an important
role in this step (e.g., Davies-Jones and Brooks 1993)
and that the vorticity bound for the surface is often aug-
mented by baroclinic generation (Klemp and Rotunno
1983; Rotunno and Klemp 1985; Dahl 2015). Third,
vertical vorticity near the surface is amplified to tornado
strength by stretching. Modeling studies have found that
intense stretching requires a low-level mesocyclone” of
adequate strength so that a strong, upward-directed
dynamic vertical perturbation pressure gradient force
(VPPGF), related to a(£*)/az, where ¢ is vertical vor-
ticity, develops in the lowest few hundred meters AGL
(Markowski and Richardson 2014). This further re-
quires that the low-level mesocyclone is positioned
above significant near-surface circulation (Guarriello
etal. 2018), and that the vertical vorticity-rich air parcels
near the surface are not too negatively buoyant so they
can be accelerated upward within the low-level meso-
cyclone (Markowski and Richardson 2014).

Beyond the environmental conditions needed to pro-
duce supercells (e.g., convective available potential en-
ergy [CAPE] and strong deep-layer [0-6 km] shear),
other conditions have been recognized as being condu-
cive for tornadogenesis. In particular, low lifted conden-
sation levels (LCL) and strong 0-1km storm-relative
helicity (SRH) values are favorable for tornadogenesis
(Thompson et al. 2003). Low LCLs correspond to high

2In this study, “low-level” refers to altitudes below 1000 m;
however, “near-surface” is used to distinguish the lowest 50 m from
the rest of the “low-level” atmosphere. This distinction is impor-
tant because numerical simulations have shown that near-surface
vertical vorticity requires the development of outflow and down-
drafts, unlike vertical vorticity at higher altitudes. Horizontal
vorticity within the outflow, which ultimately contributes to the
near-surface vertical vorticity, is greatly enhanced by baroclinic
generation and horizontal stretching (Rotunno and Klemp 1985;
Markowski and Richardson 2014; Rotunno et al. 2017) and can
sometimes be tilted into the vertical as parcels descend in down-
drafts (Davies-Jones and Brooks 1993).
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relative humidity values in the boundary layer, which
tend to result in decreased evaporational cooling in su-
percell outflow. This keeps the outflow from possessing
excessive negative buoyancy and increases the chance that
vorticity-rich (either horizontal or vertical vorticity) par-
cels can be “sucked up” by the overlying updraft, thereby
leading to explosive vertical vorticity amplification next to
the surface via tilting and stretching (Markowski and
Richardson 2009, 2014). The flux of streamwise, hori-
zontal vorticity over the lowest kilometer into a supercell
is related to the 0—1 km SRH. When 0-1 km SRH is large
and the flux of horizontal, crosswise vorticity is small,
there is a large correlation between positive vertical ve-
locity and positive vertical vorticity (Davies-Jones 1984),
leading to a more coherent low-level mesocyclone closer
to the ground. Thus, large 0-1km SRH values tend to
favor stronger low-level mesocyclones that have a stron-
ger suction force (i.e., upward-directed VPPGF) owing
to a better collocation between the vertical velocity and
vertical vorticity maxima within the low-level mesocy-
clone and the close proximity of the base of the low-level
mesocyclone to the ground (Markowski and Richardson
2014). This stronger low-level mesocyclone can more ef-
fectively stretch near-surface vertical vorticity.

One tornado forecasting challenge is that supercells
can exist in environments favorable for tornadogenesis
without producing tornadoes, and occasionally super-
cells can become tornadic in unfavorable environments.
This is best seen in Fig. 12 of Craven and Brooks (2004),
which shows considerable overlap between tornadic and
nontornadic supercell environments within the 0-1km
shear and LCL parameter space. The fact that no com-
bination of environmental parameters has been found to
perfectly discriminate between the environments of
tornadic and nontornadic supercells suggests that in-
ternal processes within a supercell (which are not easily
predicted by the environmental parameters used by
forecasters) as well as interactions with other mesoscale
features (such as fronts and other convection) also play a
vital role in tornadogenesis or tornadogenesis failure.

b. Observations of tornadogenesis failure

In an effort to better understand the processes that
can lead to tornadogenesis failure in environments fa-
vorable for tornadic supercells, several observational
studies have examined the characteristics of nontornadic
supercells. The earliest studies to methodically examine
the differences between tornadic and nontornadic super-
cells used data collected during the first Verification of
the Origins of Rotation in Tornadoes Experiment
(VORTEX1; Rasmussen et al. 1994). Early analyses of
VORTEXI1 cases using pseudo-dual-Doppler wind syn-
theses from airborne radars found that tornadic and
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TABLE 1. Modes of tornadogenesis failure identified in observed, nontornadic low-level mesocyclones and modeling studies of
nontornadic supercells.

Mode of tornadogenesis failure

References

Excessive negative buoyancy in the outflow (possibly owing to
high LCLs)

Disorganized low-level updraft owing to significant crosswise
vorticity and insufficient streamwise vorticity in the low-level,
near-storm environmental inflow

Short time period of favorable conditions

Descending reflectivity core

Storm merger

Near-surface vertical vorticity not positioned beneath the updraft

Rapid low-level mesocyclone cycling owing to strong outflow
undercutting the updraft

Markowski et al. (2002), Shabbott and Markowski (2006),
Grzych et al. (2007), and Markowski and Richardson (2014)

Beck et al. (2006), Coffer and Parker (2017), Coffer et al.
(2017), and Coffer and Parker (2018)

Skinner et al. (2014)

Markowski et al. (2018)

Klees et al. (2016)

Guarriello et al. (2018)

Beck et al. (2006) and Bowlan (2013)

nontornadic supercells are nearly identical on the
mesocyclone-scale, with both types of supercells ex-
hibiting low-level mesocyclones, occlusion downdrafts,
and comparable low-level vertical vorticity values (Trapp
1999; Wakimoto and Cai 2000).

Seeing few kinematic differences between tornadic
and nontornadic supercells at the mesocyclone scale,
other studies focused on thermodynamic differences.
Using surface observations from a mobile mesonet op-
erated during VORTEXI1, Markowski et al. (2002)
found that tornadic storms tend to have less negatively
buoyant rear-flank outflow (RFO) compared to non-
tornadic storms, which may be partially attributable to
the higher LCLs in these nontornadic environments.
The conclusion reached by Markowski et al. (2002) was
supported by Grzych et al. (2007) and also extended to
the forward-flank outflow by Shabbott and Markowski
(2006). Even among these studies, however, there were
some instances of supercells with outflow that did not
possess excessive negative buoyancy but still did not
produce a tornado. This led to the conclusion that hav-
ing outflow that is not excessively negatively buoyant is a
necessary, but insufficient, condition for tornadogenesis.

Other studies examined whether tornadogenesis failure
could be attributed to a lack of baroclinic generation of
vorticity. Markowski et al. (2008, 2011) used pseudo-dual-
Doppler and ground-based dual-Doppler wind syntheses,
respectively, to compute vortex lines for tornadic and
nontornadic supercells. These two studies found arching
vortex lines with horizontal projections that were oriented
in a way that was inferred to be indicative of baroclinic
generation of vorticity. These results, combined with the
fact that Shabbott and Markowski (2006) found weaker
near-surface buoyancy gradients in the forward flank of
tornadic supercells, suggests that while baroclinic genera-
tion of vorticity may be important for tornadogenesis, lack
of sufficient baroclinic generation does not appear to be a
common mode of tornadogenesis failure.
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A number of case studies of nontornadic supercells
from the early 2000s and during the Second Verification
of the Origins of Rotation in Tornadoes Experiment
(VORTEX2; Wurman et al. 2012) as well as a few mod-
eling studies have identified several other modes of tor-
nadogenesis failure. These failure modes are summarized
in Table 1. Perhaps most notable is Coffer and Parker
(2017) and Coffer et al. (2017), who found using an ideal-
ized model that small differences in the low-level wind
profile in the near-inflow of a supercell have a large impact
on whether or not tornadogenesis will occur. Specifically,
excessive amounts of near-inflow crosswise vorticity and
little near-inflow streamwise vorticity resulted in supercells
with weaker and more disorganized low-level mesocy-
clones, which resulted in tornadogenesis failure.

Even though multiple studies of tornadogenesis fail-
ure have been presented here, there are many more
studies focused on tornadogenesis. This is a weakness of
the tornado literature because there are several modes
of tornadogenesis failure and very few have been scru-
tinized closely. By investigating the ways tornadogenesis
failure occurs, we can better forecast which storms will
not be tornadic, reducing the false alarm ratio. This
study seeks to advance our understanding of tornado-
genesis failure by exploring why the 26 May 2010
supercell near Prospect Valley, Colorado (hereafter
referred to as the Prospect Valley storm), intercepted
by VORTEX?2 failed to produce a significant tornado
during a 20-min observation period.

c¢. Overview of the Prospect Valley storm

The Prospect Valley storm was initiated around
1845 UTC in a region of upslope flow in the Denver
metropolitan area. Southeasterly low-level flow in the
southern Great Plains over the previous 24 hours advected
moisture from the Gulf of Mexico into Colorado, con-
tributing to values of CAPE exceeding 1000J kg™
(Table 2 and Fig. 1). The vertical wind profile in the
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TABLE 2. Parameters from the smoothed 2223 UTC NSSL1
MGAUS (see section 2b). For LCL height, CAPE, and CIN, mixed-
layer values are presented with surface-based values given in pa-
rentheses. Mixed-layer parameters were computed using a parcel
that possessed the average characteristics of the lowest 50 hPa of the
MGAUS. The 0-6 km bulk wind difference is computed using the
mean wind over the lowest 500 m AGL as the surface wind. SRH is
computed using the observed storm motion of (4.45,3.51) ms™".

Parameter Value
0-500 m SRH 403m*s 2
0-1km SRH 70.0m?s >
0-3km SRH 210.9m?s >
0-1 km bulk wind difference 65ms !
0-6 km bulk wind difference 21.0ms™!

LCL Height 1499 m (1352 m)
CAPE 1092T kg™ ! (1410T kg ™)
CIN 21Tkg ' (22Tkg™ )

Denver metropolitan area was also conducive for super-
cells with a 0-6km bulk wind difference of 21.0ms !
and a 0-3km SRH value of 210.9m?s™ 2. Owing to these
favorable conditions, the Prospect Valley storm devel-
oped supercellular characteristics, including a hook echo,
as seen in the Denver Weather Surveillance Radar-1988
Doppler (WSR-88D) reflectivity scans (Fig. 2). The
Prospect Valley storm proceeded to move slowly to the
east-northeast over the next several hours. During this
time, there were several associated severe storm reports
made to the Storm Prediction Center (SPC), including
five tornado reports between 1930 and 2110 UTC. No
additional tornadoes were reported in association with
the Prospect Valley storm after 2110 UTC (SPC 2010).
Because these tornadoes occurred before the VORTEX2
deployment, a further analysis of the tornadic phase of
the Prospect Valley storm is not included in this article.

The VORTEX?2 armada declared the Prospect Valley
storm the target at 2110 UTC and started sampling the
storm at 2150 UTC. Between 2218 and 2247 UTC, seven
sub-tornado-strength, convective-storm vortices (SCVs)
were observed by the UMass W-band radar (Tanamachi
et al. 2013). One of these SCVs, SCV 5, met the criterion
of a tornado commonly used in Doppler on Wheels
(DOW) observational studies (inbound-outbound veloc-
ity difference of 40ms ™' across = 2km, e.g., Alexander
and Wurman 2008), but was not classified as a tornado by
the SPC because it did not produce a visible funnel
cloud, visible debris cloud, or EF0 surface damage
(Tanamachi et al. 2013). Owing to the fact that SCV 5
is “at the fuzzy lower boundary of what constitutes a
tornado” (Tanamachi et al. 2013, p. 3662), it is unclear as
to whether the intensification of SCV 5 to near-tornado
strength should be referred to as “‘tornadogenesis’ or
“tornadogenesis failure.” Therefore, we will refrain from
using either term when discussing SCV 5 and instead

Brought to you by Pennsylvania State University, Paterno Library | Unauthenticated | Downloaded 08/23/21 01:23 AM UTC

MONTHLY WEATHER REVIEW

VOLUME 148

100

200

300 1

Pressure (hPa)

400

500 1~

600 1~

700
800 -

900 .
1000

Temperature (°C)

F1G. 1. 2223 UTC NSSL1 MGAUS. Temperature (red), dew-
point (green), and mixed-layer parcel (black) profiles are plotted
on the skew 7-logp diagram along with dry adiabats (dashed red),
moist adiabats (dashed blue), and constant mixing ratio lines
(dashed green). The red shaded area is proportional to the CAPE
for a mixed-layer parcel (which is 1092 J kg~ '). For the hodograph,
range rings are included every 5m s~! and the black, red, blue,
yellow, and green line segments correspond to the winds between
0-0.5, 0.5-1, 1-3, 3-6, and 6-9 km, respectively.

frame the discussion in terms of processes that prevented
SCV 5 from intensifying into a strong, significant tornado
during the 2225-2245 UTC observation time period.
Observations used for this analysis include coordinated
dual-Doppler scans collected by DOW6 and DOW7, five
mobile mesonet probes (Straka et al. 1996; Waugh and
Fredrickson 2010) operated by the Pennsylvania State
University and the National Severe Storms Laboratory
(NSSL), and one Mobile GPS Advanced Upper Air
Sounding System (MGAUS) operated by NSSL. Figure 2
shows the location of the DOWs and MGAUS relative
to the Prospect Valley storm.

It is worth noting that the Prospect Valley storm was
the topic of a 2013M.S. thesis at the University of
Oklahoma (Bowlan 2013). Using dual-Doppler wind
syntheses derived from DOW data and mobile mesonet
observations, Bowlan (2013) concluded that the failure
for SCV 5 to further intensify was the result of a strong
occlusion downdraft® that caused the rear-flank gust
front to surge well ahead of the low-level mesocyclone,

3We refer to this feature as a ‘“warm downdraft” in this study
because it is not clear whether this feature formed in a manner
similar to that of an occlusion downdraft.
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FI1G. 2. Prospect Valley storm reflectivity at 1.5 km AGL from the Denver, CO, WSR-88D (KFTG) at (a) 1900:40,
(b) 2001:03, (c) 2102:15, (d) 2157:49, (e) 2258:00, and (f) 2358:14 UTC 26 May 2010. The black dot is the KFTG
radar site, the black squares are the DOW locations (during the 2218-2302 UTC deployment), the blue dot is the
NSSL1 MGAUS launch site (launched at 2223 UTC), and the gray lines show county borders.

removing the low-level mesocyclone from the inflow air.
Had the low-level mesocyclone been stronger or the
occlusion downdraft been located closer to the low-level
mesocyclone, Bowlan (2013) postulated, the outflow
from the occlusion downdraft may have ‘circulated
around the mesocyclone” (Bowlan 2013, p. 68) instead
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of driving the rear-flank gust front eastward, and SCV 5
may have further intensified. An independent analysis is
conducted in this article that focuses on why the low-
level mesocyclone was weaker, and other impacts the
strong downdraft south of the low-level mesocyclone
had on the evolution of SCV 5. This alternative
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TABLE 3. Doppler on Wheels specifications for the Prospect
Valley storm. ““Update time” refers to the amount of time required
to scan a single three-dimensional volume. For wavelength, maxi-
mum unambiguous velocity, and maximum unambiguous range,
the two values correspond to DOW6 and DOW?7, respectively.

Wavelength 3.19,321cm
Beamwidth 0.9°
Update time 2 min
Maximum unambiguous velocity 23.46,23.09ms !
Maximum unambiguous range 50.9, 52.0 km
Radial gate spacing 59.96 m

0.5° 1.0°, 2.0°, 3.0°, 4.0°,
5.0°,6.0° 8.0°, 10.0°,
12.0°, 14.0°

Elevation angles in a volume

perspective, along with applying analysis methods not
used in Bowlan (2013), such as parcel trajectories, azi-
muthally averaged fields, and pressure retrievals, com-
plements the work of Bowlan (2013).

The remainder of this article is organized as follows:
section 2 provides an overview of the data processing
applied to the VORTEX2 observations. Section 3 pres-
ents some general observations from the Prospect Valley
storm. Section 4 compares the Prospect Valley storm to
the tornadic Goshen County storm. Motivated by the
results from sections 3 and 4, section 5 examines two sets
of trajectories to better understand why the low-level
mesocyclone of the Prospect Valley storm was relatively
weak. Section 6 provides a discussion related to the
inability of the Prospect Valley storm to ingest parcels
from the forward flank rich in streamwise vorticity, and
section 7 summarizes the main results of this article.

2. Methods
a. Mobile radar data processing

DOW scans were used to retrieve the three-dimensional
wind field of the Prospect Valley storm every 2min* dur-
ing the dual-Doppler period, which lasted from 2218 to
2302 UTC. Specifications of the DOWs are presented in
Table 3. The process of creating three-dimensional wind
syntheses from dual-Doppler data has been well docu-
mented by several other studies (e.g., Brandes 1977;
Markowski et al. 2012a; Klees et al. 2016) and is also re-
viewed here. The DOW radar data were first manually
edited using the SOLO 3 software package (Oye et al.
1995) to remove ground clutter and other spurious echoes

* The formation of a vortex like an SCV or tornado can occur in less
than a minute, which makes a temporal resolution of 2 min too coarse
to actually resolve the process of tornadogenesis. Instead, this study
aims to describe the overall circumstances that prevented SCV 5 from
further intensifying that have temporal scales greater than 2 min.
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as well as to dealias velocities. After editing, DOW data
were objectively analyzed onto a Cartesian grid that
moved with the mean storm motion using a two-pass,
isotropic Barnes objective analysis scheme (Barnes 1964;
Trapp and Doswell 2000; Majcen et al. 2008). Following
the suggestions of Pauley and Wu (1990), a smoothing
parameter of ko = (1.33d)* was used for the first pass,
where d is the coarsest DOW data spacing in the analysis
area. For the second pass, a smoothing parameter of k =
0.3xo was used, in accordance with the experiments of
Majcen et al. (2008). Data spacing increased with altitude
(in addition to range) owing to the DOW scanning strat-
egy, which had larger differences in elevation angle be-
tween successive scans for elevation angles greater than
6.0° (e.g., there is only a 1.0° difference in the vertical be-
tween the sweeps at lower elevation angles, but a 2.0°
difference between the higher sweeps; see Table 3). The
low-level mesocyclone, rear-flank downdraft (RFD), and
southern portion of the forward-flank downdraft (FFD) of
the Prospect Valley storm were all within 14.35 km of both
DOWs between 2225 and 2245 UTC. Therefore, we set
d = 1435km X (2.0°) X (7/180°) = 0.501km and ko =
(133 X d)* = 0.444km*. A beamwidth of 2.0° was used to
compute d because of the greater difference in elevation
angle between successive DOW scans above 6.0°.

The grid spacing (Ax) was chosen to be between d/3
and d/2, as was done in Koch et al. (1983). The z = Okm
level of the Cartesian grid was chosen to correspond to
the elevation of DOW?7, because it was lower in elevation
than DOW6. The mean storm motion from 2225 to
2245 UTC was approximated using the mean hook echo
motion, which was subjectively determined to be (4.45,
3.51) ms™ ! by following the hook echo stem in the DOW
reflectivity fields (Fig. 3). In addition to using the mean
storm motion to translate the grid, the mean storm mo-
tion was also used in a time-to-space conversion to move
features within the various radar scans in a single volume
to the correct storm-relative position. This procedure
helped to remove the artificial tilt of storm features with
height within a volume that results from the slightly dif-
ferent times that different elevation angles are scanned.

Parameters and details of the Barnes objective analysis
are presented in Table 4 and the theoretical response
function is presented in Fig. 4. Table 4 also defines the
region where the radar data spacing is =0.501 km and the
Barnes objective analysis can, therefore, be trusted. Owing
to the close proximity of the DOWs to the low-level me-
socyclone (Fig. 3), there is an abundance of radar obser-
vations near the mesocyclone (range < 14km) and below
1km AGL, but very few observations above 1km AGL.

The final step to obtain a three-dimensional wind field was
to perform a dual-Doppler wind synthesis. This procedure
only used the gridded DOW radial velocities within the
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F1G. 3. DOW6-DOW?7 dual-Doppler lobe (gray shading) over-
laid on raw, uncalibrated DOW6 reflectivity (color shading) at
2236 UTC. The position of DOW6 and DOW?7 are shown with the
black squares and the black arrow indicates the hook echo stem.
Axis labels are in km.

dual-Doppler lobe (Fig. 3), which is the region where the
angle between the radar beams is within 20°-160°. The
three components of the wind were computed iteratively
at each vertical grid level via an upward integration of the
mass continuity equation (Dowell and Shapiro 2003).
As a boundary condition for this integration, vertical
velocities were set to Oms™ ' at the lowest grid level.
Horizontal winds were extrapolated downward from the
lowest level with data to the lowest grid level during in-
tegration by assuming that the vertical gradient of the
dual-Doppler coefficients (e.g., Dowell and Shapiro 2003)
was zero over the extrapolation depth. The downward-
extrapolated winds were set to missing in the final dual-
Doppler wind synthesis” and no downward extrapolation
of horizontal winds occurred during integration if the
lowest data level with horizontal winds was above 1.4 km
AGL. This is a rather large depth to extrapolate hori-
zontal winds downward, but owing to the abundance of
DOW data in the lowest kilometer AGL, horizontal

5 Although the winds at the lowest grid level were set to missing
in the final dual-Doppler wind synthesis, wind data from aloft was
again extrapolated to the lowest grid level in order to compute
parcel trajectories. This was the only other time winds were
extrapolated below radar level.
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TABLE 4. Parameters for the Barnes objective analyses used for the
Prospect Valley storm: d is the coarsest data spacing (vertical, in this
case), ko is the Barnes smoothing parameter, vy is the convergence
parameter, Ax is the grid spacing, and ¢ is the radar elevation angle.

d (km) 0.501

Ko (km?) 0.444

v (unitless) 0.3

Ax (km) 0.20

Distance from either DOW where radar data 14.35
spacing = d for ¢ > 6.0° (km)

Distance from either DOW where radar data 28.71
spacing = d for ¢ < 6.0° (km)

Vertical Depth (km) 2.00

Data Horizon at 14 km from both DOWs (km AGL) 0.122

winds rarely had to be extrapolated downward over a
depth greater than 0.4 km. No horizontal extrapolation
of winds was permitted during integration or gridding.

The impact of hydrometeor fall speeds on the radial ve-
locities was ignored during the dual-Doppler synthesis ow-
ing to the difficulty in determining hydrometeor fall speeds
from uncalibrated DOW reflectivities (e.g., Markowski
et al. 2012a). Root-mean-square differences between one
dual-Doppler wind synthesis that neglected hydrometeor
fall speeds and another that used a hydrometeor fall speed
of 10ms~' anywhere the DOW reflectivity exceeded
10.0dBZ were less than 1ms !, with larger errors occur-
ring near the edges of the dual-Doppler lobes and in re-
gions of high reflectivity. This suggests that neglecting
hydrometeor fall speeds alters the retrieved three-
dimensional wind values, but not the qualitative charac-
ter of the dual-Doppler wind synthesis. After assigning a
three-dimensional wind vector to each grid point, the mean
storm motion was subtracted to yield storm-relative winds.

The dual-Doppler wind syntheses from the Prospect
Valley storm were used to compute parcel trajectories. To
compute trajectories, winds from the dual-Doppler wind
syntheses were first temporally interpolated between the
dual-Doppler wind syntheses to increase the temporal res-
olution of the wind data from 2 min to 10s (10 s was the time
step used to compute the parcel trajectories). Next, the
temporally interpolated winds were spatially interpolated to
each parcel location. Finally, the parcel locations were ad-
vanced forward one time step using a fourth-order Runge—
Kutta scheme. Sensitivity tests using time steps of 20 and 2 s
demonstrate that the qualitative results of the parcel tra-
jectories were insensitive to the time step used (not shown).
While computing parcel trajectories, winds were extrapo-
lated from the lowest grid level without missing data to the
surface assuming a log-wind profile, following Markowski
et al. (2012b), and were interpolated in regions of missing
data using a Leise (1982) hole-filling algorithm.

The dual-Doppler wind syntheses also were used to
perform a perturbation pressure (p') retrieval as in
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Markowski et al. (2012b, 2018). The p’ retrieval technique
follows Gal-Chen (1978) and Hane and Ray (1985) and
determines the pressure, up to an arbitrary constant, at
each altitude. Because the retrieved p’ values are used to
qualitatively explore the horizontal pressure gradient
acceleration (HPGA) field, the arbitrary constant is not a
concern because it vanishes when computing horizontal
gradients. To minimize errors in the retrieved p’ field,
retrievals were only attempted within subdomains where
there was little missing data (<10% of the grid points had
missing winds). Sensitivity tests showed that the qualita-
tive representation of the p’ field was insensitive to small
changes in the boundaries of these subdomains.

b. Mobile mesonet and mobile sounding data
processing

Near-surface temperature, relative humidity, pressure,
wind speed, and wind direction measurements were col-
lected at 1-s intervals by five mobile mesonet probes similar
to those described by Straka et al. (1996). Quality control
of mobile mesonet observations followed Markowski et al.
(2002, 2012a), with the exception that temperature and
relative humidity data collected while the probes were
stationary were not removed for the Prospect Valley storm.
Stationary thermodynamic measurements were retained
for this case owing to the increased aspiration of the tem-
perature sensors in the mobile mesonet that came with
using “U-tubes” in the 2010 field phase of VORTEX2
compared to the “J-tubes” used in 2009 (Waugh and
Fredrickson 2010; Klees et al. 2016). Additional information
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about the instrumentation of the mobile mesonet and
errors associated with these measurements can be found
in Straka et al. (1996) or Markowski et al. (2002).

After quality control, mobile mesonet observations
were smoothed using two passes of a triangular filter
with a radius of five seconds (e.g., Shabbott and
Markowski 2006; Markowski et al. 2012a). Smoothed
mobile mesonet observations were then plotted in a
storm-relative reference frame by employing a time-to-
space conversion that utilized the same mean storm mo-
tion that was used in the radar gridding and dual-Doppler
wind synthesis (Markowski et al. 2002). Plots of mobile
mesonet observations relative to the Prospect Valley
storm were created using a 4-min window (i.e., mobile
mesonet observations from 2 min prior to and 2 min after
the analysis time were plotted) in order to minimize the
errors arising from the time-to-space conversion.

For better comparison to the studies of Markowski
et al. (2002) and Grzych et al. (2007), perturbation virtual
and equivalent potential temperatures were computed
using mobile mesonet data. To determine perturbation
values, a base state needed to be defined. Similar to
Skinner et al. (2014) and Klees et al. (2016), a 20-min
average across all mobile mesonet probes prior to the
mesonet intercepting the Prospect Valley storm between
2105 and 2125 UTC was used to determine the base state
owing to the relatively constant values of thermody-
namic quantities across all probes during this period (not
shown). Owing to the different formulation of the base
state used in this study compared to Markowski et al.
(2002) and Grzych et al. (2007), care should be used when
comparing numeric values of perturbations between the
aforementioned studies and the Prospect Valley storm.

The NSSL1 MGAUS launched at 2223:46 UTC
was selected as the inflow sounding because it was
launched immediately before the period of interest
and was located southeast of the Prospect Valley
storm (i.e., the environmental inflow region; Fig. 2).
MGAUS data were quality controlled following the
methods discussed by Parker (2014). Similar to Parker
(2014) and Klees et al. (2016), MGAUS wind mea-
surements were interpolated onto a 0.050km vertical
grid using a one-pass Barnes objective analysis with a
smoothing parameter of k = 2.5 X 10~ km?. Unlike Klees
et al. (2016), the same value of k was used for the entire
vertical depth of the sounding. SRH and bulk wind dif-
ferences were computed using the smoothed wind fields.

3. Observations: 2225-2245 UTC

The Prospect Valley storm lasted from about 1845 UTC
26 May 2010 to about 0215 UTC 27 May 2010, but we will
focus on the 2225-2245 UTC time period because there
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FIG. 5. Gridded DOWG reflectivity and dual-Doppler wind synthesis horizontal wind vectors (every third vector)
at 0.6km AGL at (a) 2232:51, (b) 2234:51, (c) 2236:51, (d) 2238:51, (e) 2240:50, and (f) 2242:51 UTC. The green
crosses, magenta crosses, blue dots, and dashed brown lines represent the locations of the 0.6 km AGL Okubo-
Weiss number minimum, 0.6 km AGL 2-km-radius circulation maximum, DOWs, and rear-flank gust front, re-
spectively. Gust front positions are subjectively determined using mobile mesonet observations and 0.2 km AGL
dual-Doppler winds. Axis labels are in km.

were good dual-Doppler and mobile mesonet observa- field computed using circuits with a radius of 2km cen-
tions during this time. During this time period, the tered on each grid point (hereafter the 2-km-radius
Prospect Valley storm had a well-defined hook echo that  circulation). These maxima in 2-km-radius circulation
coincided with an area of broad circulation (Fig. 5), are used to identify the low-level mesocyclone center
which is associated with a maximum in the circulation (magenta crosses in Fig. 5), though it is worth noting that
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FIG. 6. The 0.6 km AGL vertical velocity field (color shading) and 0.4 km AGL 15-dBZ reflectivity contour (heavy
black contour) at (a) 2232:51, (b) 2234:51, (c) 2236:51, (d) 2238:51, (e) 2240:50, and (f) 2242:51 UTC. The green crosses,
magenta crosses, black dots, blue dots, and dashed gray lines represent the locations of the 0.6 km AGL Okubo-Weiss
number minimum, 0.6 km AGL 2-km-radius circulation maximum, SCVs, DOWs, and rear-flank gust front, respec-
tively. SCV locations come from Tanamachi et al. (2013) using the UMass W-band radar. Gray arrows denote the
updraft pulse discussed in the text. Axis labels are in km.

the 2-km-radius circulation maxima in Figs. Se and 5f steady over the 2225-2245 UTC time period (Fig. 5). A
appear to be shifted to the southwest of the low-level distinct wind shift associated with the rear-flank gust
mesocyclone center based on a subjective analysis of the  front is also evident at multiple times within the wind
horizontal wind field. Regardless, the broad rotation field east of the hook echo (e.g., (4, —3) in Figs. 5a and
associated with the low-level mesocyclone appears rather ~ 6a). Interestingly, SCV 5 appears to develop close to the
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rear-flank gust front (Fig. 6b), then moves farther away
from the rear-flank gust front later in the time period
(e.g., Fig. 6e). It is possible that the displacement of SCV
5 from the convergence associated with the gust front
(which was likely important for its genesis) may have
contributed to its demise later in this period.

An interesting kinematic feature of the Prospect Valley
storm during the 2225-2245 UTC time period is the de-
velopment of an updraft pulse and minimum in the
Okubo-Weiss number (OW; Okubo 1970; Weiss 1991,
Markowski et al. 2011) along the edge of the low-level
mesocyclone (green crosses in Figs. 5 and 6). OW is de-
fined as OW = D? — §2, where D is the total deformation,
and is typically used to diagnose regions of rotation (OW
minima) and deformation (OW maxima). A region of
negative OW developed east of the 2-km-radius circula-
tion in a region of updraft along the rear-flank gust front at
2230 UTC (not shown) and then intensified as it was ad-
vected cyclonically around the 2-km-radius circulation
maximum over the next three time steps (Figs. Sa—c and
7a—c). During the same time period, an updraft pulse
(gray arrows in Fig. 6) also intensified and was advected
cyclonically by the low-level mesocyclone. The updraft
pulse reached its peak intensity at 2236:51 UTC (Fig. 6¢),
which coincided with the peak intensity of SCV 5 and led
the peak intensity of the OW minimum by 2 min (Fig. 7d).
At these times, the OW minimum was located on the in-
terface between the updraft pulse to the west and a
downdraft to the east (Figs. 7c,d). After 2238:51 UTC, the
OW minimum and updraft pulse weakened and continued
to move rearward within the storm (Figs. 7e,f and 6e,f)
and eventually dissipated at 2244:51 UTC (not shown).

The overall character of the vertical velocity field in
the Prospect Valley storm is similar to what might be
expected in a nontornadic or weakly tornadic storm. As
shown in Fig. 6, the vertical velocity field is rather un-
steady and is similar to that of the nontornadic simula-
tion of Coffer and Parker (2017), with interspersed
pockets of updraft and downdraft throughout the hook
echo region [e.g., the downdraft near (1.5, —2) in Fig. 6¢
and the updraft pulse noted earlier]. Focusing specifi-
cally on SCV 5, time-height cross sections of vertical
velocity and convergence show that the column of air
directly above SCV 5 is characterized primarily by
meso-y-scale divergence and vertical velocities that are
either negative (~2235:00 and 2240:00-2243:53 UTC in
Fig. 8) or near-zero. Both the unsteadiness of the ver-
tical velocity field and the location of SCV 5 in a region
not conducive for positive vertical vorticity stretching
likely prevented the development of a significant tor-
nado during the analysis period.

Mobile mesonet virtual potential temperature per-
turbations () during this time period are shown in
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Fig. 9. The utility of examining 6/, is that it is a proxy for
parcel buoyancy if the impacts of hydrometeor loading
are ignored. The 6/ values sampled by the mobile mes-
onet west of the low-level mesocyclone center near
(—1.0, —5.0) at 2234:51 and 2238:51 UTC are between
—2 and —3K, whereas values northwest of the meso-
cyclone center near (—2.0, —3.0) are closer to —5
and —6K (Figs. 9b,c). This indicates that there is an
appreciable amount of heterogeneity in the buoyancy
characteristics of the RFO in the Prospect Valley storm,
with some parts of the RFO possessing air parcels that
are more negatively buoyant than others. The impact of
this heterogeneity on the inability for a strong tornado to
form is discussed more in section 4.

Another interesting characteristic of the mobile meso-
net observations is a pocket of near-zero 6, deficits in the
vicinity of a strong downdraft on the southern tip of the
hook echo near (1.0, —4.5) at 2234:51 and (1.0, —5.5) at
2238:51 UTC (Figs. 9b,c and 6b—e). This downdraft can be
seen more clearly in a 4-min analysis centered at 2236:
51 UTC (Fig. 10a). Diffluence in the mobile mesonet winds
and strong divergence in the 0.2km AGL dual-Doppler
wind syntheses also is observed in this region. Because
equivalent potential temperature () is approximately
conserved in moist processes,’ it can be used as a tracer to
determine the origin of air parcels. The 6/ values near
—1Kin the vicinity of the downdraft (hereafter the “warm
downdraft” because the parcels composing the downdraft
are relatively warmer than the rest of the RFO) indicate
that these air parcels may have origins in the near-storm
inflow close to the surface (Fig. 10). The larger 6/ deficits
outside of the warm downdraft within the RFO suggests
that parcels within the rest of the RFO have parcel origins
from farther aloft, which differs from the warm downdraft.
The potential role of the warm downdraft on the evolution
of SCV 5 will be explored in section 6.

4. Comparison to the tornadic Goshen County,
Wyoming, storm

This section uses azimuthally averaged fields in a
manner similar to Markowski et al. (2011) to compare

©The values of 8, computed in this article are pseudoequivalent
potential temperatures and are not strictly conserved for moist
processes, because when calculating the pseudoequivalent poten-
tial tempertaure, it is assumed that any condensate that forms is
immediately removed from the parcel. Therefore, the influences of
freezing and melting as well as temperature changes of the con-
denstate are not accounted for. The differences between equivalent
potential temperature and pseudoequivalent potential tempera-
ture are small, so the latter is conserved, to a good approximation,
in moist processes.
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FIG. 7. The 0.6 km AGL Okubo-Weiss number (color shading), 0.6 km AGL 2ms™" vertical velocity contours
(green; zero contour omitted, negative contours dashed), and 0.4 km AGL 15-dBZ reflectivity contour (heavy black
contour) at (a) 2232:51, (b) 2234:51, (c) 2236:51, (d) 2238:51, (e) 2240:50, and (f) 2242:51 UTC. The blue and black
dots represent the locations of the DOWSs and SCVs, respectively. Axis labels are in km.

the Prospect Valley storm to the tornadic Goshen
County, Wyoming, storm intercepted by VORTEX2 on
5 June 2009 (hereafter the Goshen County storm),
which is one of the best-sampled tornadic storms from
any field project to date (Markowski et al. 2012a). To
better facilitate a comparison between the Prospect
Valley and Goshen County storms, new dual-Doppler
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syntheses for the Prospect Valley storm were created
using the same procedure and parameters outlined in
section 2a except that the horizontal and vertical grid
spacings were changed to 0.25km and the Barnes
smoothing parameter was changed to ko = 0.48 km? in
order to match the gridding parameters used in the fine
dual-Doppler syntheses for the pretornadic phase of the
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Goshen County storm (see section 2a of Markowski et al.
2012a). It is worth noting that this comparison is particu-
larly useful because these storms formed in environments
with similar values of low-level SRH [the environment of
the Goshen County storm only had 88 m?s~2 of 0-1km
SRH (Markowski et al. 2012a), which is comparable to that
of the Prospect Valley storm] and similar geographic re-
gions (northeast Colorado and southeast Wyoming), and
they were observed using nearly the same instruments
(barring small improvements to VORTEX?2 assets from
2009 to 2010).

To assess the circulation available within the Prospect
Valley and Goshen County storms for the low-level me-
socyclone, radial circulation profiles were constructed
using the maximum of the 2-km-radius circulation field as
the low-level mesocyclone center (Fig. 11). Surprisingly,
the Prospect Valley storm had slightly more circulation
in the far-field (radii > 2.25km) than the Goshen County
storm, even though the Prospect Valley storm only pro-
duced an SCV that lasted about 10 min and the Goshen
County storm produced a tornado that lasted almost
40min and peaked at EF2 intensity (Markowski et al.
2012a). Stark differences between the two circulation
profiles can be seen closer to the low-level mesocyclone
center, with the Prospect Valley storm displaying very
little circulation at radii between 0 and 0.5km (owing to
weak horizontal winds close to the 2-km-radius circula-
tion maximum, see Fig. 5b) and the Goshen County storm
exhibiting circulation values approximately three times
that of the Prospect Valley storm at a radius of 1km. An
additional comparison between the circulation profile of
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the Prospect Valley storm and Fig. 15 from Markowski
et al. (2018) illustrates that the Prospect Valley storm also
possessed substantially less circulation than the tornadic
12 May 2010 supercell near Clinton, Oklahoma, at all
times for radii less than 1.0km, but the Prospect Valley
storm had similar circulation values for radii greater than
1.5km. These two comparisons suggest that similarly ef-
fective circulation generation mechanisms were present
in the Prospect Valley storm as in these two tornadic
supercells (because the far-field circulation values were
comparable), but that the circulation in the Prospect
Valley storm was acted upon by weaker horizontal con-
vergence relative to the tornadic cases.

The conclusion that the Prospect Valley storm was un-
able to converge far-field circulation is corroborated by the
time-radius plots in Fig. 12. These plots show predomi-
nantly positive or near-zero azimuthally averaged radial
velocities at all radii (indicating flow diverging from the
circuit) as well as mostly negative or near-zero azimuthally
averaged vertical velocities at radii up to 1.5km for the
Prospect Valley storm. This lack of inward and upward
motion close to the low-level mesocyclone center in the
Prospect Valley storm inhibits the convergence of the far-
field circulation to smaller radii (Fig. 12e). In contrast, the
Goshen County storm exhibits mostly negative azimuth-
ally averaged radial velocities and positive azimuthally
averaged vertical velocities (Figs. 12b,d), which results in
a steady increase in circulation at all radii with time
(Fig. 12f). These results are similar to the conclusions of
Markowski et al. (2011, 2012a, 2018) that the inability for
the low-level mesocyclone to converge far-field circulation
is one potential mode of tornadogenesis failure.

In an attempt to determine why the Prospect Valley
storm is unable to converge far-field circulation to radii
less than 1 km, a proxy for the “forcing” of the dynamic
perturbation pressure gradient is examined. This is done
by computing the negative vertical gradient of OW + 67,
where 6 is the horizontal divergence, for both the
Prospect Valley and Goshen County storms using cen-
tered finite differences (Figs. 13a,b). The utility of ex-
amining OW + 67 is that it is equal to the dynamic terms
of the diagnostic p’ equation that involve horizontal
gradients of horizontal winds (section 2.5.3, Markowski
and Richardson 2010). Therefore, —3(OW + 82)/dz is a
proxy for the dynamic VPPGF that results from hori-
zontal winds.” Ideally, =3[V - (v - Vv)]/dz should be

7 Even if the horizontal gradients of the horizontal winds are all
that contributes to the dynamic p, —a(OW + 8%)/dz is still only a
proxy for the dynamic VPPGF (and is not necessarily proportional
to the dynamic VPPGF) owing to the assumption that Vp’ = — p' is
made for each vertical level.
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shading) and storm-relative winds (barbs; full barb represents 5 ms ™!, half barb represents 2.5 ms ') at (a) 2230:51,
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dots represent the locations of the SCVs. Axis labels are in km.
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FIG. 10. Equivalent potential temperature structure in the hook echo region and environment. (a) As in Fig. 9,
but at 2236:51 UTC and with equivalent potential temperature perturbations plotted instead of virtual potential
temperature perturbations. (b) Equivalent potential temperature perturbation trace from the 2223 UTC NSSL1
MGAUS with the black semicircle representing the surface value. Equivalent potential temperature perturbations
in (b) were computed by taking 6, from the sounding and subtracting the 6, value from the mobile mesonet
thermodynamic base state (the base state 6, value is 341.9 K).

plotted to get a more representative proxy of the dy-
namic VPPGEF, but this field is more prone to error
owing to the additional finite differences in the vertical
that are needed and the relatively coarse vertical grid
spacing of the dual-Doppler wind syntheses.

Not surprisingly, the maximum in —9(OW + 82)/dz
is nearly collocated with the minimum in OW for both
storms. What is surprising is that —9(OW + 82)/dz is
actually larger for the Prospect Valley storm, which
suggests that the Prospect Valley storm has a larger
upward-directed dynamic VPPGF than the Goshen
County storm. So why was the far-field circulation
converged to smaller radii in the Goshen County
storm? An examination of the 0.5km AGL vertical
velocity field reveals that the two storms exhibit
comparable vertical velocities in the vicinity of the
—3(OW + 8%)/6z maximum (Figs. 13c,d). Noting that
dwl/dt scales as W?/D, where W is the vertical velocity
scale and D is the depth scale, the observation that the
vertical velocities are comparable suggests that dw/dt
is comparable between the two storms. The two pri-
mary forcing terms for dw/dt are the dynamic VPPGF
and the effective buoyancy (Doswell and Markowski
2004). Therefore, if the VPPGF is larger in the Prospect
Valley storm, but dw/dt is comparable between the two
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storms, the effective buoyancy forcing must be greater in
the Goshen County storm.

The conclusion that the effective buoyancy is larger in
the Goshen County storm than the Prospect Valley
storm is supported by mobile mesonet observations
from both storms. The Prospect Valley storm possessed
some ¢ values near —5 and —6K within 2km of the
—3(OW + 8%)/9z maximum (Fig. 9) whereas 6/, values
in the Goshen County storm are generally =—3 K within
2km of the —9(OW + 82)/9z maximum (Markowski et al.
2012a). Furthermore, LCLs computed using mobile
mesonet observations within the inflow immediately
east of the hook echo in both storms are lower in the
Goshen County storm compared to the Prospect Valley
storm (not shown). This indicates that the RFO in the
Prospect Valley storm may have had a tendency to be
(virtually) colder than the Goshen County storm owing
to increased evaporational cooling (Rasmussen and
Blanchard 1998; Markowski et al. 2002; Thompson
et al. 2003). The presence of parcels with strong nega-
tive buoyancy in a portion of the RFO of the Prospect
Valley storm likely contributed to the inability for
circulation-rich parcels to be converged to small radii
compared to the Goshen County storm despite the
Prospect Valley storm possessing stronger forcing for
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FIG. 11. Circulation as a function of radius (i.e., distance from the
axis of rotation) for the Prospect Valley storm (red) 4 min prior to
the Okubo-Weiss number temporal minimum at 0.5 km AGL and
the tornadic 5 Jun 2009 Goshen County, WY, storm (blue) 4 min
prior to tornadogenesis (Markowski et al. 2012a). The axis of ro-
tation in both cases is the location of the 2-km-radius circulation
maximum at 0.5 km AGL. The mean radial circulation profile from
1000 random perturbations of the circulation center *1 standard
deviation is shown with the shaded envelopes (perturbed circula-
tion centers are generated using a Gaussian distribution centered
on the location of the OW minimum with a standard deviation of
0.5km). The circulation profile for the Prospect Valley storm is
computed using the k, = 0.48 km* dual-Doppler wind synthesis.

an upward dynamic VPPGF at low levels. This con-
clusion is similar to those from Markowski et al. (2002)
and Grzych et al. (2007) that the likelihood of torna-
dogenesis decreases as the outflow becomes more
negatively buoyant.

In addition to RFO buoyancy, the location of the OW
minimum likely also contributed to the inability of the
Prospect Valley storm to converge low-level circulation
to smaller radii. The OW minimum, as well as the
—3(OW + 8)/az maximum, is displaced from the 2-km-
radius circulation maximum by ~2km in the Prospect
Valley storm, whereas this displacement is only ~1km
in the Goshen County storm (Figs. 13a,b). To converge
far-field circulation toward the low-level mesocyclone
center, the upward dynamic VPPGF should be located
close to the center of rotation. Furthermore, the location
of the OW minimum along the edge of the low-level
mesocyclone in the Prospect Valley storm likely con-
tributed to the OW minimum being advected rearward
in the storm with time toward more negatively buoyant
outflow, which further slowed upward accelerations and
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may have ultimately led to the demise of the updraft
pulse associated with the OW minimum in the Prospect
Valley storm. Thus, in addition to possessing a strong
upward-directed dynamic VPPGF, a favorable location
of the dynamic VPPGEF also appears to be necessary to
converge far-field circulation.

5. Low-level trajectory analysis
a. Motivation

The previous two sections have indicated that the
Prospect Valley storm possessed a disorganized low-
level vertical velocity field without a persistent low-level
updraft and a weak low-level mesocyclone with rela-
tively small circulation values close to the mesocyclone
center. Recent modeling work has indicated that low-
level updraft organization and low-level mesocyclone
strength are related to the amount of near-storm envi-
ronmental streamwise vorticity ingested by the supercell
(e.g., Coffer and Parker 2017). The environment of the
Prospect Valley storm possessed relatively little low-
level streamwise vorticity (Table 2, Fig. 1), with only
40.3m’s~* of 0-500 m SRH, which is more similar to the
median 0-500m SRH in the nontornadic soundings ex-
amined by Coffer et al. (2019) than that for the weakly
tornadic (EF0-1) soundings (63.69 and 126.81 m*s ™2 for
the nontornadic and weakly tornadic soundings, re-
spectively). This suggests that the disorganization of the
low-level updraft and weakness of the low-level meso-
cyclone close to the center of rotation may be in part a
result of the storm ingesting parcels with little streamwise
vorticity at low levels. To further test this hypothesis, this
section examines the origins of parcels composing the
OW minimum.

b. OW minimum origins: Backward trajectory
analysis

A series of backward trajectories initiated in the vi-
cinity of the OW minimum 0.6 km AGL at 2236:51 UTC
is used to determine the origin of parcels contributing to
the OW minimum (Fig. 14a). All trajectories use a time
step of 10s and are integrated backward in time for
15 min. Representative backward trajectories are pre-
sented in Fig. 15 with all resulting trajectories displayed
in Fig. 14b. Vorticity vectors from the dual-Doppler
wind syntheses are interpolated to the trajectories above
0.2km AGL in order to evaluate the evolution of the
three-dimensional vorticity along these trajectories be-
fore the parcels reach the OW minimum. Owing to the
large fraction of parcel trajectories (35 out of 90) that
spend >40% of their time below the dual-Doppler data
horizon (0.2km AGL) and the fact that the log-wind
profile used below the data horizon is likely not
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FIG. 12. Circuit radius vs time plots at 0.5 km AGL of (a),(b) azimuthally averaged radial velocity, (c),(d) azi-
muthally averaged vertical velocity, and (e),(f) circulation for circuits centered on the 2-km-radius circulation
maximum at 0.5 km AGL in the Prospect Valley and Goshen County storms. Plots for the Prospect Valley storm are
computed using the ko = 0.48 km? dual-Doppler wind syntheses.

appropriate for the surface layers of convective storms
(e.g., Markowski et al. 2019), parcel trajectories in
Figs. 14b and 16 are truncated where the parcels descend
below 0.2km AGL.

Many of the trajectories contributing to the OW
minimum approach from the region east of the hook
echo in the near-storm inflow south of the forward-flank
reflectivity gradient (Fig. 14b). These trajectories support
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the theory mentioned in section 5a that near-storm en-
vironmental low-level shear and SRH are important for
low-level mesocyclogenesis (e.g., Coffer and Parker 2017)
due to the stretching and tilting of horizontal vorticity
into the vertical along trajectories originating from the
near-storm environment east of the hook echo. Before
reaching the OW minimum, the vorticity along these
trajectories is primarily weak and crosswise (Figs. 15¢,d).
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FIG. 13. Proxy for the “forcing” of the dynamic VPPGF. (a),(b) Negative vertical gradient of OW + 6% and (c),(d)
the vertical velocity in the Prospect Valley storm at 2234:51 UTC and the Goshen County storm at 2148:00 UTC.
Vectors represent the horizontal winds, heavy black contour represents the 15-dBZ reflectivity contour, and the
green and magenta crosses represent the Okubo—Weiss number minimum and 2-km-radius circulation maximum,
respectively. Plots for the Prospect Valley storm are computed using the x, = 0.48 km? dual-Doppler wind syn-
thesis. All fields are plotted at 0.5 km AGL and all axis labels are in km.

Upon reaching the updraft, vorticity becomes more
streamwise and larger in magnitude, likely owing to the
generation of streamwise vorticity by the “riverbend” ef-
fect and subsequent stretching of this streamwise vorticity
(Dahl 2017). As the parcels ascend into the OW minimum,
significant vertical vorticity develops (Figs. 15a,b), likely
owing to the tilting of horizontal vorticity into the vertical
and the stretching of this vertical vorticity. Although sub-
stantial streamwise vorticity develops as these parcels en-
ter the OW minimum, it is hypothesized that even more
streamwise vorticity would have developed had these
parcels initially possessed more streamwise vorticity in the
near-storm environment.

Many of the trajectories destined for the northern and
western portions of the OW minimum in Fig. 14b are
similar to the two in Fig. 15. There is, however, a second
group of trajectories that contribute to the central,
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southern, and eastern portions of the OW minimum
(pink trajectories near (2.0, —2.5) in Fig. 14b) that de-
scend from aloft with little horizontal motion owing to
the weak horizontal winds in this region (e.g., near the
2-km-radius circulation maximum in Fig. 5c). These
trajectories quickly exit the data domain when inte-
grated backward in time and, therefore, could not be
examined in detail.

Plots of 0.2-0.8 km AGL SRH confirm that the parcels
contributing to the OW minimum originate from a near-
storm inflow that possesses little SRH and weak hori-
zontal vorticity (Fig. 16). As mentioned earlier, previous
studies (e.g., Davies-Jones 1984; Coffer and Parker
2017) have demonstrated that ingesting parcels with
crosswise environmental vorticity and little SRH re-
sults in a supercell with a more disorganized low-level
updraft and a weaker low-level mesocyclone owing
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FIG. 14. (a) The initial position of all ninety 15-min backward
parcel trajectories at 2236:51 UTC (brown dots) overlaid on 0.6 km
AGL Okubo-Weiss number (color shading) and the 0.4 km AGL
15-dBZ reflectivity contour (black line). (b) Horizontal projections
of all ninety 15-min backward trajectories, colored by height AGL,
overlaid on the 0.4 km AGL dual-Doppler reflectivity at 2236:51 UTC
(black contours, every 10dBZ contoured). Parcel trajectories are
truncated where they fall below the 0.2-km AGL data horizon. All axis
labels are in km.

to a displacement between the updraft and vertical
vorticity maxima. Thus, the weakness of the low-level
mesocyclone and the disorganization of the low-level
vertical velocity field in the Prospect Valley storm is
likely due in part to the low-level updraft ingesting
environmental parcels with predominantly crosswise
vorticity and little SRH.

c. Fate of parcels in the forward flank: Forward
trajectory analysis

A region with large magnitudes of horizontal vorticity
and large 0.2-0.8km AGL SRH values exists in the
forward flank, which is indicative of large amounts of
streamwise vorticity (Fig. 16). Do any parcels originat-
ing in this region contribute to the OW minimum, up-
draft pulse, or low-level mesocyclone? To determine the
fate of parcels within this region of enhanced SRH
values, trajectories are computed using parcels initiated
in a north-south line at various heights within the region
of enhanced SRH at 2227:00 UTC and integrated for-
ward in time until 2237:00 UTC with a time step of 10s.
Unlike the backward trajectories in the previous section,
none of the forward parcel trajectories spend >25%
of their time below the data horizon and only 2 of the
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30 parcel trajectories spend >10% of their time below
the data horizon. Owing to the brevity of time spent by
the parcels in this trajectory set below the data horizon,
none of the parcel trajectories are truncated below the
data horizon in Fig. 17.

The horizontal projections of these forward trajecto-
ries are presented in Fig. 17. The trajectories initiated
closer to the surface curve southward and pass through
the neck of the hook, but do not become entrained into
the updraft pulse. Trajectories initiated farther aloft
curve less than the trajectories closer to the surface and
instead pass out the rear of the storm. Neither group of
trajectories makes it to the updraft region or contributes
to the near-surface circulation, OW minimum, or low-
level mesocyclone. Interestingly, the SRH field pre-
sented in Fig. 16 and the trajectories in Fig. 17 are
reminiscent of the streamwise vorticity current (SVC),
which has become a focal point of recent high-resolution
numerical modeling experiments (e.g., Orf et al. 2017).
The trajectories in Fig. 17 follow a similar path to the
trajectories within an SVC simulated by Orf et al. (2017)
(their Fig. 14), but instead of passing through the RFD
and entering the low-level mesocyclone from the
southwest, the trajectories in the Prospect Valley storm
pass the low-level mesocyclone to the north and west
and then appear to start to exit the storm. The parcel
trajectories in the Prospect Valley storm are also similar
to those observed in the tornadic Goshen County storm,
but the trajectories in that storm also passed through the
RFD and entered the low-level mesocyclone from the
southwest (Kosiba et al. 2013, their Figs. 13 and 14),
similar to the trajectories in Orf et al. (2017). It is
tempting to argue that given a longer time period of
integration and wind data to fill the hole along the
baseline that the trajectories will eventually turn east-
ward and enter the low-level mesocyclone, but this is
unlikely given that the storm-relative winds observed by
the mobile mesonet south of the low-level mesocyclone
are northerly and point away from the low-level meso-
cyclone (e.g., Fig. 10a). The inability for the parcels from
this region of enhanced SRH values to reach the low-
level mesocyclone, along with the low-level updraft in-
gesting air parcels from a near-storm environmental air
mass with low SRH values are two factors that likely
prevented the development of a strong low-level me-
socyclone needed for vortex intensification in the
Prospect Valley storm.

6. The inability of streamwise vorticity-rich parcels
to reach the low-level mesocyclone

One of the most intriguing questions related to the
Prospect Valley storm is why the parcels that possessed
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FIG. 15. Two select backward trajectories from the set of ninety 15-min backward trajectories initiated
0.6 km AGL at2236:51 UTC. (a),(b) The two trajectories in the s—z plane (maroon lines, gray lines show where
parcels fall below the 0.2-km AGL data horizon), where s is the streamwise direction; (c),(d) the same tra-
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horizon) overlaid on the 0.6km AGL Okubo-Weiss number (color shading). Black contours in (c¢) and
(d) represent the 15-dBZ reflectivity contour at 0.4 km AGL. Vorticity vectors are overlaid in all four plots.

All axis labels are in km.

large amounts of streamwise vorticity in the forward
flank failed to enter the OW minimum or low-level
mesocyclone (Fig. 17). As discussed in section Sc, similar
parcel trajectories have been seen in both observed and
simulated tornadic storms, but in those cases the parcel
trajectories terminated at the low-level mesocyclone.
Why do the trajectories in the Prospect Valley storm not
follow this behavior? To help answer this question, p’
retrievals were performed at 2236:51 and 2240:50 UTC
(Fig. 18). The p’ retrieval has p’ > 0 northwest of
the mesocyclone, which likely coincides with the main
downdraft, and p’ < 0 near the hook echo at the location
of the OW minimum (Fig. 18). This behavior matches p’
retrievals performed in other observed supercells (e.g.,
Markowski et al. 2012b, 2018). One noticeable differ-
ence between our p’ retrievals (Fig. 18) and those per-
formed in the aforementioned cases is that there are
very few (if any) HPGA vectors in the quadrant south-
west of the low-level mesocyclone (denoted by the ma-
genta crosses in Fig. 18) that point toward the low-level
mesocyclone. This is largely owing to the fact that the
low-level mesocyclone is not collocated with a p’ minima
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(Fig. 18). Furthermore, there are few HPGA vectors
that point toward the OW minimum (which is collocated
with a p’ minimum) from the south and southwest out-
side of a radius of ~1km, which is in contrast with the
retrieved pressure fields in Fig. 2d from Markowski et al.
(2012b) and Fig. 12b from Markowski et al. (2018). The
lack of large regions with pressure gradient accelera-
tions toward the low-level mesocyclone and OW mini-
mum from the south and southwest, coupled with the
initial strong, easterly momentum of parcels rich in
streamwise vorticity from the forward-flank precipita-
tion (e.g., Fig. 5), likely prevented these parcels from
reaching the low-level mesocyclone.

Two features in the retrieved p’ field appear to be
responsible for creating a pressure gradient field that
resulted in the lack of HPGA vectors that point toward
the low-level mesocyclone or OW minimum from the
south or southwest. The first is a region of weakly neg-
ative p’ values near (—1, —3.5) in Fig. 18a and (-2, —5)
in Fig. 18b that contributes to a pressure gradient that
accelerates parcels southward near the spine of the hook
echo. The second feature is a p’ minimum south of the
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FIG. 16. The 0.2-0.8km AGL SRH (color shading) and 0.6 km
AGL horizontal vorticity vectors (every third vector plotted) at
(a) 2226:51 and (b) 2236:51 UTC using the dual-Doppler wind
syntheses and Eq. (4) from Davies-Jones et al. (1990). Blue dots
denote the locations of the DOWs, the black contour is the 15-dBZ
reflectivity contour at 0.4 km AGL, and the dark blue lines are the
two parcel trajectories from Fig. 15 (truncated where they fall be-
low the 0.2-km AGL data horizon). Axis labels are in km.

hook echo near (1, —5) in Fig. 18a, which is collocated
with the warm downdraft (Fig. 10a). This second feature
likely does not impact the trajectories of the streamwise
vorticity-rich parcels in Fig. 17, but this p’ minimum still
results in HPGA vectors that point away from the low-
level mesocyclone center and therefore oppose con-
vergence toward the low-level mesocyclone. The fact
that the warm downdraft is collocated with a pressure
minimum is surprising because mesoscale downdrafts
are often associated with regions of p’ > 0 owing to the
“splat” term in the diagnostic pressure equation (e.g.,
section 2.5.3, Markowski and Richardson 2010) and
owing to the fact that downdrafts often coincide with
buoyancy minima, which contributes to p’ > 0 owing to
hydrostatic effects (e.g., section 2.5.2, Markowski and
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F1G. 17. Horizontal projection of all 30 10-min forward tra-
jectories initiated along the line x = 3.4km at 2227:00 UTC,
colored by height AGL. Background color shading represents
the 0.2-0.8 km AGL SRH, the black contour is the 15-dBZ dual-
Doppler reflectivity outline at 2236:51 UTC, and the green and
magenta crosses represent the Okubo-Weiss number minimum
and 2-km-radius circulation maximum, respectively. Axis labels

are in km.

Richardson 2010). In this case, however, the fact that the
downdraft is more buoyant that its surroundings may
contribute to p’ < 0, resulting in the observed p’ mini-
mum. It is also possible that the observed p’ minimum at
(1, —=5) in Fig. 18a is an artifact, owing to its proximity to
the edge of the retrieval domain.

It is also important to note that it is unknown whether
the warm downdraft had a net positive or net negative
impact on vortex intensification in the Prospect Valley
storm. Although the warm downdraft may have con-
tributed to a p’ field that opposes radial convergence
toward the low-level mesocyclone, the warm downdraft
is also a source of air parcels with little negative buoy-
ancy that might increase the chances of vortex inten-
sification if these parcels enter SCV 5. The warm
downdraft may have also had other impacts on vortex
intensification, such as altering the vertical velocity
field and therefore impacting the evolution of the 3D
vorticity field (e.g., negative stretching of vertical vor-
ticity beneath the downdraft).
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F1G. 18. Retrieved pressure perturbations (color shading, with
gray shading indicating regions of missing data) and horizontal
pressure gradient acceleration vectors at 0.6km AGL for
(a) 2236:51 UTC and (b) 2240:50 UTC. Pressure perturbations
are smoothed using a two-step Leise (1982) filter. The black
contour represents the 15-dBZ reflectivity contour at 0.4 km
AGL. The brown lines in (a) are the horizontal projections of the
30 forward parcel trajectories shown in Fig. 17. The green and
magenta crosses represent the Okubo-Weiss number minimum
and 2-km-radius circulation maximum, respectively. Axis labels
are in km.

In addition to the roles of the two p’ minima discussed
above, an alternative hypothesis is that the streamwise
vorticity-rich parcels were unable to reach the low-level
mesocyclone owing to the weak character of the low-level
mesocyclone and the disorganization of the low-level up-
draft in the Prospect Valley storm. If the cyclonic wind
field associated with the low-level mesocyclone had been
stronger, an associated strong, dynamic p’ minimum would
have developed close to the low-level mesocyclone center.
This p’ minimum would accelerate parcels toward the low-
level mesocyclone center and allow the Prospect Valley
storm to “‘capture” parcels rich in streamwise vorticity
from the forward flank. By “capturing” these parcels, the
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low-level mesocyclone could further intensify, resulting
in a strong upward-directed VPPGF that could have
stretched the vertical vorticity associated with SCV 5,
leading to vortex intensification. A more organized low-
level updraft may have also been able to “capture” these
parcels rich in streamwise vorticity owing to increased
convergence near the low-level mesocyclone. The low-
level mesocyclone may have initially been too weak and
the low-level updraft too disorganized to “capture” these
parcels from the forward flank owing to a lack of sufficient
environmental streamwise vorticity (as indicated by the
relatively small values of 0-500m and 0-1km SRH, see
Table 2) and the presence of significant environmental
crosswise vorticity (Fig. 1).

It is also possible that another process absent from
the Prospect Valley storm, but present in tornadic
storms that form in similar environments, could have
accelerated the streamwise vorticity-rich parcels from
the forward flank into the low-level mesocyclone. One
such process could be an RFO momentum surge.
Several studies have documented the importance of
RFO momentum surges in instigating tornadogenesis
within supercells owing to the increased convergence
and vorticity tilting near the low-level mesocyclone
(e.g., Lee et al. 2012; Kosiba et al. 2013; Schenkman
et al. 2016). If such a surge was present in the Prospect
Valley storm west of the low-level mesocyclone, it is
possible that the streamwise vorticity-rich parcels from
the forward-flank precipitation may have experienced
an acceleration toward the low-level mesocyclone,
causing the parcels to enter and intensify the low-level
mesocyclone. With a more intense low-level mesocy-
clone, vortex intensification may have occurred owing
to increased stretching of near-surface vertical vortic-
ity. Unfortunately, because this is an observational
study, we have no way of knowing how the Prospect
Valley storm would have evolved had an RFO surge
been present during the analysis period.

7. Summary

The aim of this article was to document factors that
prevented the development of a significant tornado in
the 26 May 2010 supercell intercepted by VORTEX?2
near Prospect Valley, Colorado. The 2225-2245 UTC
time period was studied in detail owing to the avail-
ability of dual-Doppler DOW data and the presence of
an SCV that met the commonly used radar definition
of a tornado (40ms~' inbound-outbound velocity dif-
ference). Tornadogenesis is a delicate and intricate
process, and explaining exactly why tornadogenesis did
not occur (or why a near-surface vortex did not inten-
sify) on a given day, in a given supercell, at a given time
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is impossible from an observational perspective because
there is no way of knowing how a storm would have
evolved had certain conditions not existed. That being
said, the following three aspects of the Prospect Valley
storm likely prevented the development of a significant
tornado during the observation time period despite the
presence of far-field circulation comparable to that of
two tornadic storms and indications of a low-level up-
ward-directed dynamic VPPGF larger than that of the
tornadic Goshen County storm:

1) High environmental LCLs likely contributed to sub-
stantial negative buoyancy in some parts of the
outflow, as seen in the large, negative values of 6/
observed by the mobile mesonet near the spine of the
hook echo. This substantial negative buoyancy likely
made it more difficult for near-surface parcels to be
contracted and lifted by the low-level mesocyclone,
which contributed to the inability for the far-field
circulation to be converged.

2) Air parcels with little streamwise vorticity in the
lowest 1km of the near-storm inflow were ingested
by the storm, which likely contributed to an unsteady
vertical velocity field that was unable to stretch the
vertical vorticity associated with SCV 5. This vertical
velocity field featured an updraft pulse coupled with a
strong upward-directed dynamic VPPGF proxy that
was displaced from the low-level mesocyclone center.
This displacement contributed to the inability for the
low-level mesocyclone to converge far-field circula-
tion and caused the updraft pulse to be advected
rearward in the storm, which contributed to the de-
mise of the updraft pulse.

3) Parcels with abundant streamwise vorticity from the
forward flank approached the low-level mesocyclone,
but did not reach the OW minimum, updraft pulse, or
low-level mesocyclone. The inability of these parcels
to reach any of these three features may be partially
attributed to two p’ minima south and west of the low-
level mesocyclone that contributed to HPGA vectors
that pointed away away from the low-level mesocy-
clone. These parcels also did not benefit from a strong
low-level mesocyclone or an RFO momentum surge to
help them become ‘‘captured” by the low-level me-
socyclone as has been observed in other tornadic cases.

The weaker low-level mesocyclone and downdrafts ob-
served above SCV 5 during this period prevented the
stretching of the near-surface vertical vorticity associ-
ated with SCV 5 into a significant tornado. The cumu-
lative effect of the three processes listed above is
summarized in Fig. 19.

The results from this study suggest that vortex inten-
sification and tornadogenesis may depend more heavily
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FI1G. 19. Schematic detailing the various processes that prevented
SCV 5 from intensifying in the Prospect Valley storm. Black arrows
denote parcel trajectories, bolded magenta arrow denotes the di-
rection the updraft is being advected by the low-level mesocyclone
(denoted here as the “weak circulation’’), downward gray triangle
denotes the location of the near-surface vortex (SCV 5), and the
gray contour denotes the reflectivity outline of the hook echo.

on internal processes if the environment in which the
supercell forms is only marginally favorable for torna-
does. For example, had there been more streamwise
vorticity in the near-storm environment, the low-level
mesocyclone of the Prospect Valley storm would
have likely been stronger and may have been able to
““capture” parcels rich in streamwise vorticity from the
forward flank, causing the low-level mesocyclone to fur-
ther intensify and provide the dynamic lifting needed for
the intensification of SCV 5 into a significant tornado.
Furthermore, lower environmental LCLs may have re-
sulted in outflow with less negative buoyancy, requiring
less dynamic lifting to stretch near-surface vertical vor-
ticity. Because this was not the case, some process inter-
nal to the supercell, such as an RFO momentum surge,
would have been needed to accelerate parcels rich in
streamwise vorticity from the forward flank into the low-
level mesocyclone and cause it to intensify. Without a
strong low-level mesocyclone, the Prospect Valley storm
was unable to lift the vertical vorticity-rich parcels in the
outflow. Thus, future research should focus on internal
processes that may promote tornadogenesis in marginal
environments and focus on the predictability of such
processes.

Finally, researchers should continue to examine
observational datasets of supercells collected during
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VORTEX?2 and other field projects to evaluate output
from high-resolution numerical simulations (e.g., Orf
et al. 2017) and to create a database of observational
cases that can be used for latitudinal studies, similar to
Markowski et al. (2002) and French et al. (2015). Such
studies can be used to draw more definitive conclusions
about the differences between tornadic and nontornadic
supercells.
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