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ABSTRACT

Observations collected in the second Verification of the Origins of Rotation in Tornadoes Experiment

during a 15-min period of a supercell occurring on 18 May 2010 near Dumas, Texas, are presented. The pri-

mary data collection platforms include two Ka-band mobile Doppler radars, which collected a near-surface,

short-baseline dual-Doppler dataset within the rear-flank outflow of theDumas supercell; anX-band, phased-

array mobile Doppler radar, which collected volumetric single-Doppler data with high temporal resolution;

and in situ thermodynamic and wind observations of a six-probe mobile mesonet.

Rapid evolution of the Dumas supercell was observed, including the development and decay of a low-level

mesocyclone and four internal rear-flank downdraft (RFD) momentum surges. Intensification and upward

growth of the low-level mesocyclone were observed during periods when the midlevel mesocyclone was mini-

mally displaced from the low-level circulation, suggesting an upward-directed perturbation pressure gradient

force aided in the intensification of low-level rotation. The final three internal RFDmomentum surges evolved in

a manner consistent with the expected behavior of a dynamically forced occlusion downdraft, developing at the

periphery of the low-level mesocyclone during periods when values of low-level cyclonic azimuthal wind shear

exceeded values higher aloft. Failure of the low-level mesocyclone to acquire significant vertical depth suggests

that dynamic forcing above internal RFD momentum surge gust fronts was insufficient to lift the negatively

buoyant air parcels comprising the RFD surges to significant heights. As a result, vertical acceleration and the

stretching of vertical vorticity in surge parcels were limited, which likely contributed to tornadogenesis failure.

1. Introduction

A proliferation of in situ and mobile Doppler radar

observations within the rear-flank downdraft (RFD) of

supercells following the first Verification of the Origins

in Rotation in Tornadoes Experiment (VORTEX)

(Rasmussen et al. 1994) has resulted in the regular

identification of a small-scale region of enhanced mo-

mentum and an associated convergence boundary within

the broad RFD referred to herein as an internal RFD

momentum surge (or simply an RFD surge). This fea-

ture was first discussed in detail and labeled as an ‘‘RFD

surge’’ or ‘‘second surge’’ by Finley andLee (2004) and Lee

et al. (2004), though it was previously briefly discussed

and has subsequently been identified using many dif-

ferent monikers, including ‘‘outflow surge’’ (Dowell and
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Bluestein 2002b), ‘‘surging RFD’’ (Markowski et al. 2002),

‘‘jet’’ (Bluestein et al. 2003), ‘‘double gust front’’ (Adlerman

2003; Wurman et al. 2007), ‘‘embedded surge’’ (Hirth et al.

2008), ‘‘secondary RFD surge/gust front’’ (Marquis et al.

2008; Mashiko et al. 2009; Wurman et al. 2010; Skinner

et al. 2011;Marquis et al. 2012; Kosiba et al. 2013; Bluestein

et al. 2014), ‘‘internal RFD surge’’ (Finley and Lee 2008;

Romine et al. 2008; Karstens et al. 2010; Lee et al. 2011;

Schenkman et al. 2014), and ‘‘rear-flank downdraft in-

ternal surge’’ (RFDIS) (Lee et al. 2012; Karstens et al.

2013). It appears that, despite the variation in nomen-

clature, these terms refer to the same phenomenon.

Analysis of RFD surges has found tornadogenesis

can occur just north of the surge apex (Lee et al. 2012;

Kosiba et al. 2013), convergence along the RFD surge

gust front may aid in tornado maintenance (Marquis

et al. 2012), and tornado dissipation may coincide with

an RFD surge wrapping entirely around a tornado,

limiting the low-level convergence (Marquis et al. 2012)

or development of a surge exhibiting large thermody-

namic deficits compared to the RFD or prior RFD

surges (Lee et al. 2012). Tornadoes have been observed

near the gust front of an RFD surge residing entirely

within the broad-scale RFD (Marquis et al. 2008, 2012),

andRFD surges associatedwith tornadoes have exhibited

small-density potential temperature deficits and large po-

tential buoyancy compared to a representative base state

(Finley and Lee 2004; Lee et al. 2004, 2011, 2012), which is

similar to observations of tornadic broad-scale rear-flank

downdrafts (Markowski et al. 2002; Grzych et al. 2007).

In addition to a broad RFD, which can be forced

through a combination of latent chilling, hydrometeor

loading, or vertical perturbation pressure gradient

forces (Markowski 2002), a small, shallow, dynamically

induced downdraft known as the occlusion downdraft

has been identified in several numerical simulations

(Klemp and Rotunno 1983; Wicker and Wilhelmson

1995; Adlerman et al. 1999) and dual-Doppler analyses

(Wakimoto et al. 1998; Wakimoto and Cai 2000). The

occlusion downdraft forms in response to an intensi-

fication in low-level vertical vorticity to magnitudes

greater than those farther aloft, which is associated with

a downward-directed vertical perturbation pressure

gradient force. Each of the studies performed by Klemp

and Rotunno (1983), Wicker and Wilhelmson (1995),

and Adlerman et al. (1999) found that the occlusion

downdraft develops within the broader-scale RFDat the

surface and wraps cyclonically around the low-level

circulation center with time, with at least one simula-

tion (Adlerman 2003) producing a secondary region of

enhanced convergence behind the initial RFD gust

front indicative of a secondary RFD gust front bounding

the occlusion downdraft. This evolution is similar to

near-surface observations of internalRFDsurges (Marquis

et al. 2008;Wurman et al. 2010; Skinner et al. 2011;Marquis

et al. 2012; Lee et al. 2012; Kosiba et al. 2013). In his review

of hook echoes and rear-flank downdrafts, Markowski

(2002, p. 865) described the expected near-surface mani-

festation of an occlusion downdraft as ‘‘a rapid, small-

scale intensification of the RFD,’’ which aptly describes

the observed characteristics of internal RFD surges.

Despite the qualitative resemblance of internal RFD

surges to an occlusion downdraft [as noted by Marquis

et al. (2008) and Lee et al. (2012)], diagnosis of the

vertical origin and forcing mechanisms of RFD surges

has thus far been hampered by a paucity or complete

lack of surface thermodynamic observations (Wurman

et al. 2007; Marquis et al. 2008; Wurman et al. 2010;

Kosiba et al. 2013), a lack of volumetric dual-Doppler

observations from above the surface (Lee et al. 2011,

2012), or difficulties in accurately retrieving represen-

tative perturbation pressure fields and stormmicrophysics

in ensemble Kalman filter (EnKF) data assimilation ex-

periments (Marquis et al. 2012).

On 18May 2010, a high-precipitation, tornadic supercell

in the Texas Panhandle was sampled by instruments

deployed by the second Verification of the Origins of

Rotation in Tornadoes Experiment (VORTEX2)

(Wurman et al. 2012) (Fig. 1). A nontornadic low-level

mesocyclone cycle and four distinct RFD surges occur-

ring from 2250 to 2305 UTC (all times hereafter are in

UTC) were well sampled by the VORTEX2 armada,

including a short-baseline dual-Doppler deployment of

two Ka-band radars operated by Texas Tech University

(TTUKa) (Weiss et al. 2009) and volumetric single-

Doppler data collected with high temporal resolution by

the Mobile Weather Radar, 2005 X-band, Phased Array

(MWR-05XP) operated by the University of Oklahoma

and Naval Postgraduate School (Bluestein et al. 2010).

Additionally, a six-probe mobile mesonet (Straka et al.

1996) fielded by the National Severe Storms Laboratory

(NSSL) and The Pennsylvania State University col-

lected in situ observations from the near-storm envi-

ronment during the radar sampling periods. The

volumetric MWR-05XP observations allow for a quali-

tative assessment of the vertical perturbation pressure

gradient force occurring coincident with RFD surge

development to be made, particularly in the context of

the finescale, near-surface depiction of the wind field

provided by the TTUKa radars. Additionally, the failure

of the observed low-level mesocyclone to produce

a tornado and subsequent dissipation will be examined

with regard to the thermodynamic properties of the

RFD and RFD surges [e.g., Markowski et al. (2002);

Grzych et al. (2007);Markowski et al. (2012a);Markowski

and Richardson (2014)] and horizontal displacement
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between the low- andmidlevel mesocyclones (Dowell and

Bluestein 2002a,b; Marquis et al. 2012). A description of

the data collection platforms and methodology will be

presented in section 2, followed by observations of the

storm evolution in section 3. Discussion of the relevance of

the findings in regard to the current conceptual un-

derstanding of RFD surges and low-level mesocyclo-

genesis will be provided in section 4, with conclusions and

recommendations for future work in section 5.

2. Analysis methods

a. Definition of an internal RFD momentum surge

Internal RFD momentum surges are analyzed within

this study as regions that meet the definition of Lee et al.

(2012, p. 3420) as ‘‘a distinct acceleration of the outflow

within a previously established RFD.’’ As a result, RFD

surge boundaries in this study have been analyzed at the

leading edge of a region of acceleration in TTUKa radial

velocity or dual-Doppler wind speed data. The re-

quirement of a minimum acceleration threshold in order

to be considered an internal RFDmomentum surge as in

Lee et al. (2012) is complicated by the spatial and

temporal variability of acceleration across RFD surges

in mobile radar data (Fig. 2; see Fig. 1 in supplemental

material). However, it is noted that each internal RFD

momentum surge analyzed herein has a maximum

change in wind speed across the analyzed RFD surge

boundary greater than the 13m s21 threshold applied by

Lee et al. (2012).

b. Radar platforms

The near-surface1 wind field during the period of in-

terest (2250–2305) was well sampled by the two TTUKa

mobile Doppler radars. The 35-GHz TTUKa radars

were designed to sample boundary layer phenomena

with high spatial resolution and clear-air sensitivity.

During VORTEX2, the radars employed a narrow

(0.498) beamwidth, which resulted in azimuthal spacing

of 42.7, 85.5, and 171.0m at ranges of 5, 10, and 20 km,

respectively. In addition, the TTUKa platforms utilize

FIG. 1. Overview ofVORTEX2deployment locations during the period of interest. SMART-R

0.88-elevation radar reflectivity values.20 dBZ at 2257:13 are overlain. Inset displays the position

of the figure (bold box) relative to the Texas Panhandle and Amarillo, TX (star).

1 In the present study, near surface refers to data collected either

by the mobile mesonet or the TTUKa radars at a 0.08-elevation
angle, which corresponds to approximately the lowest 80m above

ground level at ranges considered for this study (Fig. 2).
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FIG. 2. (a)–(f) Comparison of the low-level radial velocity (m s21) observations from each available mobile

Doppler radar during the period of interest. SMART-R 1 radar reflectivity (dBZ) at 2303:13 and a 0.88-elevation
angle are provided for reference in (a) with the domains in (b)–(f) indicated by the black box. Radial velocity values

are plotted from (b) SMART-R 1, (c)DOW-7, (d)MWR-05XP, (e) TTUKa-1, and (f) TTUKa-2 at times (elevation

angles) 2303:13 (0.88), 2303:01 (1.28), 2303:16 (1.08), 2303:26 (0.08), and 2303:30 (0.08), respectively. Internal RFD

momentum surge boundaries subjectively analyzed from TTUKa-2 radial velocity data are indicated by the dashed

red lines labeled C and D and plotted in an identical location in (b)–(f) to facilitate comparison between platforms.

Center-beam heights neglecting the effects of earth curvature are denoted with black circular contours and labeled

(m) above the deployment position of TTUKa-1 and regions of missing data are shaded gray.
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nonlinear frequency modulation pulse compression

techniques that allow for fine along-beam resolution

(approximately 35m) to be maintained while using

a long pulse width (20ms in VORTEX2) for enhanced

clear-air sensitivity. A complete description of TTUKa

specifications for VORTEX2 is available in Weiss et al.

(2009).

The TTUKa radars deployed along a short (3.3 km)

baseline west of Dumas, Texas, from 2242 to 2323, col-

lecting 12 volumes of level, near-synchronous dual-

Doppler data at elevation angles of 0.08, 0.258, and 0.58
between 2256 and 2306. Prior to objective analysis and

dual-Doppler synthesis, radar data were reoriented to

Earth-relative coordinates by matching ground clutter

patterns to known locations of man-made structures,

such as power poles and tall towers (Wurman and Gill

2000). Radial velocity data were then thresholded on

low values of radar reflectivity factor to remove areas

of incoherent radial velocity, and manually edited to

remove ground clutter and correct regions of aliased

velocities. A final quality control method involved cor-

recting areas of speckling introduced by the interleaved

dual pulse repetition frequency (PRF) utilized by the

TTUKa radars during VORTEX2 (Jorgensen et al.

2000). Speckling occurred primarily in gates within

strong horizontal wind shear where the interleaved ve-

locities were improperly dealiased. New dealiased ve-

locities for speckles were found based on both available

maximum unambiguous velocities, with data being re-

tained if fallingwithin an acceptable limit compared to the

mean radial velocity of surrounding gates (C. Alexander

2011, personal communication).

Near-surface TTUKa data are complemented by

volumetric single-Doppler data with a 1.88 (2.08) azi-

muthal (vertical) beamwidth and a range sampling in-

terval of 75m collected by the MWR-05XP radar

[complete specifications are available in Bluestein et al.

(2010)]. The MWR-05XP utilizes a combination of

mechanical and electronic beam steering that allowed

a volumetric sector scan with 26 elevation angles (18–
408) to be collected in approximately 10 s for scanning

strategies used in VORTEX2. Continuous data col-

lected by the MWR-05XP from 2250 to 2305 provides

vertical context for TTUKa observations as well as

a greater maximum unambiguous range (30 km). Qual-

ity assurance ofMWR-05XP data proceeded similarly to

TTUKa data with the exception that despeckling of the

data was not necessary. As the MWR-05XP is not

equipped with a hydraulic leveling system, additional

quality control was necessary to quantify spatial errors

in the data and is described in the appendix.

Data from both radar platforms are interpolated to

a Cartesian grid using a two-pass Barnes objective

analysis scheme (Barnes 1964; Koch et al. 1983; Majcen

et al. 2008). Separate analysis domains with varying grid

spacing and objective analysis smoothing parameters

are used for single-Doppler TTUKa data, dual-Doppler

TTUKa data, MWR-05XP data, and ‘‘smooth’’ dual-

Doppler TTUKa data (Table 1). The domain of each

analysis is selected based on the maximum distance to

storm features relevant to the analysis (Rmax) in order to

minimize the damping of wavelengths retained in the

analyses. The Barnes smoothing parameter (k) is de-

fined as (1.33m)2 as recommended by Pauley and Wu

(1990), with m representing the coarsest gate spacing of

data influencing the analysis domain found at a distance

of Rmax plus the maximum allowable distance between

an observation and a grid point [(5k)1/2] (Trapp and

Doswell 2000). A second-pass convergence parameter

(g) of 0.3 was employed as in Majcen et al. (2008). Grid

spacing (D) in the objective analyses was constrained to

be within 0.33 and 0.5m (Koch et al. 1983), and extrap-

olation of data was not permitted.

Dual-Doppler syntheses of ground-relative, objectively

analyzed TTUKa radial velocity data were performed

for grid points with greater than a 308 beam-crossing

angle collected at a 0.08-elevation scan. Using 0.08-
elevation scans, coupled with a small difference in ele-

vation (9m) between radar deployment sites, allowed

the two-dimensional wind field to be calculated without

solving for vertical velocity through integration of the

mass continuity equation.

Vertical vorticity in objectively analyzedMWR-05XP

data was approximated using the azimuthal wind shear

(e.g., Byko et al. 2009;Wakimoto et al. (2011);Markowski

et al. (2012a)). Azimuthal wind shear was calculated as

›Vr /›f(r
21), where Vr is the radial velocity, f is the

azimuth of the radar beam, and r is the range from the

TABLE 1. Summary of objective analysis parameters withRmax representing themaximum range, k the Barnes smoothing parameter, g the

second-pass convergence parameter, D the grid spacing, and a radius of influence of (5k)1/2.

Radars Domain (x km 3 ykm 3 z km) Rmax (km) k g D (m) Radius of influence (m)

MWR-05XP 20 3 20 3 12.5 20 0.996 0.3 250 2232

TTUKa single Doppler 20 3 20 18 0.042 0.3 50 458

TTUKa dual Doppler 7 3 7 6.8 0.0064 0.3 25 179

TTUKa dual Doppler (smooth) 7 3 7 6.8 0.996 0.3 25 2232
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radar. Though vertical vorticity (z) cannot be retrieved

from single-Doppler data, azimuthal wind shear will be

equal to 1/2z for regions of near-solid-body rotation and

a recent study combining single- and dual-Doppler data

found that the two fields evolve similarly (Markowski

et al. 2012a). A caveat to using azimuthal wind shear as

a proxy for vertical vorticity is that it can be influenced

by deformation as well as rotation, which can lead to

variations in azimuthal wind shear not associated with

rotation along low-level gust fronts (Markowski et al.

2012a); however, it is noted that all low-level circula-

tions inferred from azimuthal wind shear presented

herein exhibited rotational couplets in MWR-05XP ra-

dial velocity data.

c. Mobile mesonet

The mobile mesonet probes fielded by NSSL and The

Pennsylvania State University in VORTEX2 were

constructed according to the specifications outlined in

Straka et al. (1996) with modifications described by

Waugh and Fredrickson (2010). Observations of tem-

perature, relative humidity, pressure, wind speed, and

wind direction were collected at 1Hz along with time,

latitude, and longitude as determined by a global posi-

tioning system. As in past studies, wind data during

periods of vehicle acceleration were discarded, with the

maximum allowable 1-s change in vehicle speed and

direction being 2m s21 and 28, respectively (Markowski

et al. 2012a). Prior to analysis, quality controlled data

were smoothed to remove high-frequency noise using

a 5-s moving average.

Mobile mesonet data are visualized in two dimensions

by applying a time-to-space conversion (Fujita 1955), as

described by Markowski et al. (2002). A brief time-to-

space conversion window of 180 s is utilized in this study

given the rapid update time between MWR-05XP vol-

umes. The storm motion estimate used for the time-to-

space conversion is based on the motion of the leading

edge of the first observed internal RFD momentum

surge (surge A) in MWR-05XP radial velocity data, as

this is the primary feature of interest relative to the

mobile mesonet observations. Despite the relatively

short time-to-space conversion window, the steady-

state assumption necessary for time-to-space conver-

sion is clearly invalid for small-scale features within

the Dumas supercell given the rapid evolution appar-

ent in MWR-05XP and TTUKa data (see Figs. 1–4 in

supplemental material). It is therefore stressed that the

time-to-space conversion analyses within this study

represent the approximate storm-relative position of

mobile mesonet observations, particularly with respect

to rapidly evolving storm features such as internal RFD

surges.

Virtual potential temperature, including the effects of

liquid water mixing ratio, referred to herein as density

potential temperature (ur), is calculated in order to as-

sess near-surface buoyancy characteristics sampled by

the mobile mesonet. The liquid water mixing ratio is

estimated from radar reflectivity values collected by the

Shared Mobile Atmospheric Research and Teaching

Radar (SMART-R) (Biggerstaff et al. 2005) collected at

a 0.88-elevation angle at 2254:17, 2257:19, 2300:19, and

2303:13.Mobile mesonet observations are time-to-space

converted relative to the nearest available SMART-R

scan, and liquid water mixing ratio is then estimated

using the method described by Hane and Ray [1985,

their Eq. (6)]. Despite the likely presence of error in the

estimation of liquid water mixing ratio resulting from

the large amount of precipitation observed within the

RFD of the Dumas supercell and height of SMART-R

observations above the surface (Figs. 2a,b), the contri-

bution of liquid water mixing ratio to virtual potential

temperature was found to be less than 1K for all mobile

mesonet probes sampling the RFD. Pseudo-equivalent

potential temperature (hereafter referred to as equiva-

lent potential temperature, ue) is calculated according to

Bolton [1980, his Eqs. (21) and (43)]. As in past mobile

mesonet studies, ue observations can be compared to

similar values on a representative inflow sounding in

order to provide qualitative estimates of downdraft or-

igins (Markowski et al. 2002) (Fig. 3c), and can also be

utilized to assess the potential buoyancy of near-surface

air parcels, as an increase in ue is representative of a

rightward shift in the air parcel path in a skew T–logp

diagram. Base-state surface values of ur and ue are defined

using the average of two 6-min intervals during the period

of interest when a mobile mesonet probe traversed a re-

gion outside of storm outflow and precipitation, as in-

dicated by TTUKa and MWR-05XP data.

3. The environment and observations of the Dumas
supercell

a. Storm environment and early evolution

On the afternoon of 18 May 2010, a shortwave trough

moving eastward from the southern Rocky Mountains

with up to 20m s21 southwesterlies at 500 hPa east of

the trough axis overspread a moist boundary layer

stretching from the Texas Panhandle through eastern

Colorado. A radiosonde launched by VORTEX2 20km

south of Dumas with a Mobile GPS Advanced Upper

Air Sounding System (MGAUS; Parker and Bryan

2010) reveals a favorable environment for supercell

development with 0–6-km vertical wind shear greater

than 25m s21 and CAPE values greater than 1500 J kg21

(Fig. 3). A combination of surface heating, deep-layer
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ascent ahead of the ejecting shortwave trough and weak

convergence along a diffuse dryline aided the initiation

of convection by 2100 to the west of Channing, Texas

(Fig. 4a). VORTEX2 initially targeted a developing

supercell west of Channing at 2130 but refocused on

a storm developing to the southwest of the initial target

by 2200 as it became the dominant storm (Figs. 4b,c).

The target storm underwent a series of three mergers

FIG. 3. (a) SkewT–logp diagram for the 2152NSSL-2 storm inflow sounding launched from the position indicated in

Fig. 1. Environmental virtual temperature is plotted in black, dewpoint temperature in gray, and surface parcel tra-

jectory in dashed gray. (b) Ground-relative hodograph of the 2152 NSSL2 radiosonde; heights above ground level are

marked every 2km, and stormmotion is indicated by the3 symbol.Data are smoothed in elevation using a spatial filter

of 500m and plotted in black with unsmoothed data plotted in gray for reference. (c) Vertical profile of ue calculated

from the sounding. A five-observation moving average has been applied to the profile to smooth high-frequency

fluctuations. Values of surface-based convective available potential energy (SBCAPE), 0–1-km storm-relative helicity

(SRH), 0–3-km SRH, and the value of the 0–6-km shear vector are provided in insets to (a) and (b).
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with nonsupercellular storms developing to the south-

west between 2200 and 2250 (Figs. 4c–f). The last of

these ancillary cells merged into the RFD of the target

storm between 2240 and 2250, coincident with the de-

velopment of a brief tornado west of the primary updraft

observed by authors Markowski and Richardson and

evident as a strong radial velocity couplet and weak-

echo reflectivity hole in Doppler on Wheels (DOW)

(Wurman et al. 1997) data from 2240 to 2241 (not

shown). Following this merger, regions of unorganized

convection trailed the target storm and developed into

a weaker companion supercell to the west-northwest of

the Dumas storm following the period of interest (not

shown). As the final merger took place, the visual ap-

pearance of the target storm in photos collected by the

cameraA (CAMA) photogrammetric probe (Wakimoto

et al. 2011) (Fig. 1) evolved from a classic supercell with

little visible precipitation in the RFD region to a high-

precipitation (HP) supercell (Figs. 5a–c). This evolution

is similar to recent idealized simulations of stormmergers

(Hastings et al. 2012) and observations of classic-to-HP

supercell transitions arising from upstream hydrometeor

‘‘seeding’’ by a merging storm (Rasmussen and Straka

1998). By 2250, the target storm exhibited a well-defined,

precipitation-filled RFD and a large forward-flank pre-

cipitation shield (Fig. 4f).

b. TTUKa observations of the near-surface wind field

Objectively analyzed radial velocity from TTUKa-2

during the period 2250–2255 reveals an area of enhanced

inbound velocity consistent with an internal RFD mo-

mentum surge within the broad-scale rear-flank outflow

(Fig. 6). Denoted ‘‘surge A,’’ this surge has intensified

to a distinct region of up to 25m s21 inbound velocities

withinmuchweaker velocities in the broadRFDoutflow

by 2255:34. The first available TTUKa dual-Doppler

synthesis at 2256:13 does not extendwestward far enough

to capture the approaching surge A, but it does record

the passage of the initial RFD gust front (Figs. 7a, 8a).

A well-defined convergence zone is present across the

RFD gust front, with southeasterly ground-relative winds

of 15–20ms21 ahead of the boundary and southwesterlies

generally below 15ms21 trailing it. Surge A is apparent in

the following analysis at 2258:30 as a compact region of up

to 40ms21 southwesterlies extending approximately 3km

meridionally within the broad RFD (Fig. 7b). It is noted

that the RFD gust-front-relative position and areal extent

of surge A correspond well to the analyzed position of

surge A in single-Doppler data (Fig. 6), which increases

confidence that single-Doppler analyses are capturing the

pertinent features of the RFD wind field (i.e., the surge

location is not significantly influenced by a strong wind

component normal to the radar beam).

Maximum winds within surge A decelerate by ap-

proximately 15m s21 over the following 4 min as the

forward motion of the surge slows and it broadens

considerably in width (Figs. 7c,d). A second internal

RFD surge (surge B) enters the dual-Doppler domain

by 2300:02 (Fig. 7c) with two additional surges (surges C

andD) rapidly following at 2301:54 (Fig. 7d) and 2302:41

(Fig. 7f), respectively. These surges are additionally

apparent as a region of cloud tags accelerating toward

the leading edge of the precipitation-filled RFD in video

taken by CAM A (Figs. 5e,f). The final three RFD

surges exhibit a similar evolution, with convergence

along the southern extent and divergence across the

apex of each surge. Divergence across the apex of surges

B–D (Fig. 8) is unexpected given the rapid acceleration

of wind speeds observed with the passage of each surge

(Fig. 7). However, it is noted that the ‘‘smooth’’ objec-

tive analyses used to calculate the divergence values in

Fig. 8 do not resolve narrow bands of convergence ap-

parent across portions of the apex of each surge that are

present when the finescale objective analyses are used

(not shown), and weak convergence or divergence has

been observed across the apex of internal RFD surges

in prior dual-Doppler studies (Wurman et al. 2010;

Marquis et al. 2012; Kosiba et al. 2013). Surges B–D

have a stronger northwesterly component to their wind

field and exhibit faster forward movement and higher

wind speeds—up to 40ms21—than the maturing surge A

during this period (Figs. 7e–g). The expansion of the areal

extent of the surges with time and their eventual merger

(Figs. 7, 8) follows a similar evolution to an internal RFD

surge and the broad RFD observed in the 30 April 2000

Crowell, Texas, supercell (Marquis et al. 2008).

A second difference between surge A and surges B–D

is that cyclonic curvature in the wind field is consistently

observed north of, and trailing, the apex of surges B–D

(Figs. 7c–g, 8c–g). This curvature becomes a closed cir-

culation northwest of the northern extent of surge C by

2302:41 (Fig. 7e). Surge D is initially located west of this

closed circulation, trailing the apex of surge C (Figs. 7f,

8f), and is apparent visually in video and still photo-

graphs fromCAMA as a developing clear slot wrapping

cyclonically around a small wall cloud located within the

broad RFD (Figs. 5e,f). Surge D is well defined in dual-

Doppler synthesis by 2303:26 as a narrow region of

northwesterlies with velocities up to 40m s21 just behind

its leading edge (Fig. 7f). Additionally at 2303:26, the

cyclonic circulation that developed north of the apex of

surges B and C has further retrograded with respect

to the boundary of surge C and has become located

north of the apex of surge D and collocated with a re-

gion of strong convergence (Fig. 8f). A dramatic con-

traction and intensification of this vortex occurs over the
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FIG. 4. KAMA 0.58-elevation angle radar reflectivity (dBZ) observations of the developing Dumas supercell at

(a) 2137:38, (b) 2154:55, and (c) 2213:24; and then SMART-R radar reflectivity values at (d) 2227:17, (e) 2238:28,

and (f) 2251:10 collected at a (d) 0.88- and (e),(f) 0.68-elevation angle. Locations of the initial target storm, Dumas

supercell, and three ancillary cells (AC) that merge into the Dumas supercell are annotated. Radar reflectivity

values have been thresholded at 10 dBZ and range rings are given in kilometers.
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following 45 s as it moves along the apex of surge D, and

at 2304:13 it exhibits a maximum change in velocity of

greater than 70m s21 across approximately 300m (Fig.

7g).2 By 2305:00, only a broad, approximately 2-km-

wide circulation is observed trailing the leading edge of

surge D, which has broadened considerably while lo-

cated in a region of divergence (Fig. 8h), with a de-

celeration of the winds behind its leading edge and is

merging with the remnants of surges A–C (Fig. 7h).

c. MWR-05XP observations

The 97 volumes of MWR-05XP data collected from

2250 to 2305 reveal rapidly evolving azimuthal wind

shear within the low- andmidlevel mesocyclones (Figs. 9;

see Figs. 2 and 3 in the supplemental material).3

During the beginning of the period of interest from

FIG. 5. CAM A still photographs and video captures illustrating the visual evolution of the Dumas supercell at

(a) 2234:43, (b) 2241:43, (c) 2249:50, (d) 2258:30, (e) 2302:45, and (f) 2303:31. Rear-flank and forward-flank pre-

cipitation in the Dumas supercell are labeled RFDP and FFP, and precipitation from the storm merging into the

Dumas supercell is labeled P. Estimated locations of internal RFD surge gust fronts are indicated by dashed white

lines as well as labeledA–D for the order in which they were observed; andV denotes thewall cloud associatedwith

the near-surface vortex sampled by the TTUKa radars. Viewing perspective varies from the southwest to the south-

southwest from (a)–(f), with the road visible in (e) and (f) extending to the north.

2 The vortex sampled is collocated with a brief, less than 30 s,

period of spiraling reflectivity bands and a weak-echo hole in

TTUKa-1 and TTUKa-2 data and could be considered a brief,

weak tornado. However, this study treats the vortex as non-

tornadic, as it was not visually identified by any of the personnel

participating in VORTEX2 and its existence is likely only known

because it was observed by a high-frequency mobile Doppler ra-

dar. Similar vortices observed by mobile Doppler radars that

straddle the distinction between tornadic and nontornadic have

been recently described as ‘‘marginal tornadoes’’ (Wurman and

Kosiba 2013) or ‘‘sub-tornado-strength convective scale vortices’’

(Tanamachi et al. 2013).

3 Readers are encouraged to view animations of azimuthal wind

shear and reflectivity from MWR-05XP volumes in the supple-

mental material for a more complete representation of the evolu-

tion of the low- and midlevel mesocyclones.
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approximately 2250 to 2254, a strong, cyclonic, midlevel

mesocyclone with a slight northward tilt and attendant

mesoanticyclone is observed (Figs. 9a,b). Though the

mesocyclone is apparent to heights greater than 10 km,

as sampled by theMWR-05XP, azimuthal wind shear is

far weaker below 2 km above ground level (AGL),

indicative of the lack of an intense low-level mesocy-

clone during this period. Transient regions of cyclonic

azimuthal wind shear trailing both the primary meso-

cyclone and the RFD surges are observed throughout

the period of interest and typically are observed for less

than 4min, do not extend below 2.5 km AGL, and are

advected upward with time before dissipating (see

Figs. 2 and 3 in the supplemental material). Though

observations of vertical velocity are not available

within the domain, it is speculated that the transient

regions of cyclonic azimuthal wind shear are associated

with brief updrafts within the unorganized convection

trailing the Dumas supercell during the period of in-

terest (Fig. 4f).

The initially strong midlevel mesocyclone weakens

and becomes more strongly tilted with height over the

following five minutes, and by 2257 is characterized by

a region of cyclonic azimuthal wind shear extending

from approximately 2.0 to 7.5 km AGL (Figs. 9c,d). A

region of near-surface cyclonic azimuthal wind shear

located above the northern confluence zone of surge A

in TTUKa radial velocity and distinct from the midlevel

mesocyclone intensifies to values above 0.01 s21 around

2255 (see Figs. 2 and 3 in the supplemental material).

The low-level rotation is initially displaced well to the

south and west of the center of the midlevel mesocy-

clone; however, over the following 5 min (2255–2300), it

slowly moves into a position closer, though still dis-

placed to the south, of the midlevel mesocyclone. Dur-

ing this period the midlevel mesocyclone also

FIG. 6. Objectively analyzed, ground-relative TTUKa-2 0.08-elevation radial velocity (m s21) at (a) 2250:43,

(b) 2252:11, (c) 2253:40, and (d) 2255:34. Subjectively analyzed location of the primaryRFDgust front (bold line) and

internal surge A boundary (dashed line) are indicated. The 3 symbol represents the location of TTUKa-2, and the

grid origin is at the location of the MWR-05XP with axes labeled (km).
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FIG. 7. TTUKa 0.08-elevation dual-Doppler analyses of ground-relative wind

speed (colors, m s21) and wind direction vectors plotted every eighth grid point at

(a) 2256:13, (b) 2258:30, (c) 2300:02, (d) 2301:54, (e) 2302:41, (f) 2303:26, (g) 2304:13,

and (h) 2305:00. Subjectively analyzed positions of the primary RFD gust front

(RFDGF, bold line) and internal RFD surge boundaries (dashed lines) are indicated.

Boundaries analyzed across regions of missing data have been estimated using ob-

jectively analyzed TTUKa-2 0.08 elevation angle radial velocity data (see Fig. 1 in

the supplemental material). Horizontal grid is distance (km) from location of the

MWR-05XP.
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FIG. 8. As in Fig. 7, but for smooth dual-Doppler analyses of convergence (s21) and

vertical vorticity (s21). Convergencevalues are color shaded, and cyclonic (anticyclonic)

vertical vorticities are contoured with solid (dashed) green lines with an interval of

0.01 s21 beginning at 0.02 (20.01) s21. Objectively analyzed values of cyclonic (anti-

cyclonic) MWR-05XP azimuthal wind shear at 500m AGL are additionally contoured

using solid (dashed) gray lineswith an intervals of 0.005 s21 beginning at 0.01 (20.005) s21

for comparison.Ground-relativewindvectors are plotted every eighth grid point from the

finescale wind speed fields presented in Fig. 7.
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reintensifies; though it does not extend vertically

throughout the depth of the sample volume and retains

a south-to-north tilt, it does develop a broad region of

cyclonic azimuthal wind shear greater than 0.02 s21 be-

tween approximately 2 and 5 km AGL (Figs. 9e,f). A

marked increase in the intensity and vertical depth of

the low-level mesocyclone occurs shortly after the in-

tensification of the midlevel mesocyclone and by 2301

azimuthal wind shear greater than 0.02 s21 in the low-

level mesocyclone extends above 1 km AGL. Underlain

TTUKa-2 radial velocities reveal that the regions of

azimuthal wind shear associated with the low-level

mesocyclone/

mesoanticyclone couplet straddle the merging internal

RFD surges (Figs. 8, 9).

It is noted that Fig. 9e resembles the early develop-

ment of a low-level mesocyclone in the 5 June 2009

Goshen County, Wyoming, storm (Markowski et al.

2012a, their Fig. 20a). However, unlike the low-level

mesocyclone in the Goshen County storm, which grew

upward into the midlevels of the storm in the minutes

preceding tornadogenesis, the low-level mesocyclone in

the Dumas supercell remains distinct from the midlevel

mesocyclone and rapidly weakens from 2302 to 2305. By

2304:13, the low-level mesocyclone is present only as

a shallow area of near-surface azimuthal wind shear

greater than 0.01 s21 (Figs. 9g,h).

The MWR-05XP analysis at 2304:13 shows a weak-

ening low-level mesocyclone, which contrasts with

a maximum in low-level vortex strength in TTUKa

dual-Doppler data at the same time (Fig. 7g). The

TTUKa observations of a rapid contraction of the

near-surface vortex over the 45 s prior to 2304:13

suggest that the strongest azimuthal wind shear within

the low-level circulation may exist at a scale un-

resolvable by theMWR-05XP (Fig. 2). This hypothesis

is supported by the smooth TTUKa dual-Doppler

syntheses of vertical vorticity, which are similar in

location, though with a greater maximum value, than

contours of twice the cyclonic azimuthal wind shear in

MWR-05XP data (Fig. 8f). This finding increases

confidence that the lack of intense azimuthal wind

shear in MWR-05XP analyses is an artifact of the az-

imuthal resolution of the MWR-05XP and objective

analysis scheme.

A significant weakening and lifting of the midlevel

mesocyclone is apparent prior to 2304:13, resulting in

increased total displacement between the low- and

midlevel mesocyclones (Figs. 9g,h; see Figs. 2 and 3 in

supplemental material), which has been observed

coincident with tornado and low-level mesocyclone

decay in previous studies (Dowell and Bluestein 2002b;

Marquis et al. 2012).

d. Thermodynamic observations of the RFD

The majority of mobile mesonet data collection from

2250 to 2305 occurred on three east–west roads, with

probes performing transects in a similar storm-relative

position (Fig. 10). Two probes remained north of the

near-surface circulation throughout the period of in-

terest and observed consistently larger thermodynamic

deficits than the remainder of the mesonet, with ur
deficits between 3 and 6K. Deficits of equivalent po-

tential temperature sampled by the northern probes

remain below 6K, which is indicative of air parcels that

have either descended from below the elevated mixed

layer and associated rapid decrease in ue in the Dumas

environment (Fig. 3c) or parcels with larger vertical

excursions that have entrained high-ue air from within

the storm updraft (Lee et al. 2012). A notable exception

to the relatively steady kinematic and thermodynamic

conditions north of the low-level mesocyclone occurs at

the end of the observing period. A mobile mesonet

probe repositioning to the east crosses a boundary to the

northeast of the low-levelmesocyclone that cuts through

the forward-flank precipitation shield. This boundary

exhibits a wind shift from northeasterly to easterly

coupled with an increase of ur and ue values of approx-

imately 2K across the easternmost portion of the tran-

sect (Figs. 10e,f). The location of this boundary and

observations of relatively small thermodynamic deficits

east of the boundary are similar to recently observed

(Romine et al. 2008) and simulated (Beck and Weiss

2013) boundaries within the forward flank of supercells.

Neglecting a probe that remained well south of the

Dumas mesocyclone, the remaining three probes sam-

pled the environment ahead of the RFD gust front and

regions primarily within the leading edge of the broad

RFD. From 2250 to 2253, transects across the RFD gust

front observed modest ur and ue deficits between 1 and

2K within the leading edge of the RFD and south-

westerly winds of 10–15m s21 (not shown), which are

similar to the kinematic values produced by dual-

Doppler analysis at 2256 (Fig. 7a). Over the following

7min, one probe (Probe 1) performed a north–south

transect within the RFD, sampling the environment

progressively farther behind the RFD gust front before

exiting the RFD to the south (Figs. 10c–f). A time series

of Probe 1 observations reveals that ur and ue values

within the broad RFD decreased as the probe sampled

conditions farther behind the RFD gust front (Fig. 11),

which is similar to StickNet (Weiss and Schroeder 2008)

observations collected later in the evolution of the

Dumas supercell (Weiss et al. 2012) and past findings of

thermodynamic heterogeneity within the RFD (Hirth

et al. 2008; Lee et al. 2012). Maximum deficits of ur(ue)
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FIG. 9. Three-dimensional isosurfaces of MWR-05XP objectively analyzed azi-

muthal wind shear (s21) for (a),(b) 2250:34, (c),(d) 2256:41, (e),(f) 2301:04, and

(g),(h) 2304:13. Viewing perspectives are (left) from the east at an elevation angle of

68 and (right) from the southeast at an elevation angle of 208. Isosurfaces of cyclonic
azimuthal wind shear values of 0.01 (0.02) are plotted in blue (purple), and iso-

surfaces of anticyclonic azimuthal wind shear values of 20.01 are plotted in orange.

(right) Objectively analyzed TTUKa-2 0.08 elevation radial velocity (m s21) at the

nearest available time to the MWR-05XP volume is underlain. The times of the

TTUKa-2 radial velocity scans match the times of the MWR-05XP volume to within

30 s, and the color table for TTUKa-2 data is the same as in Fig. 6. Regions of cyclonic

azimuthal wind shear associated with the low-level (midlevel) mesocyclone are la-

beled LLM(MLM), anticyclonic azimuthal wind shear associated with the low-level

mesoanticyclone is labeled LLMA, and a developing low-level mesocyclone in (h), is

denoted New LLM. Grid labels represent distance (km) from MWR-05XP.
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sampled by Probe 1 remain relatively small, below 3 (4) K,

which is within ranges typically found within the RFD of

tornadic supercells (Markowski et al. 2002; Grzych et al.

2007).

During the southward leg of its transect, Probe 1

briefly traversed the leading edge of surgeA (Figs. 10c,d).

The time series of observations collected during this

transect reveal surge A to have a distinct kinematic and

thermodynamic environment from the broad-scale RFD

(Fig. 11). Kinematically, the surge is marked by a rapid

acceleration of wind speed to values above 20m s21 and

a maximum instantaneous value of 28m s21. The rapid

acceleration of the wind is accompanied by an abrupt

warming4 of ur and cooling of ue of approximately 1K.

The relative increase of density potential temperature

coupled with a decrease in equivalent potential tem-

perature within surge A results from a warmer and drier

surge than the broad-scale RFD and is similar to past

observations and simulations of RFD surges (Finley and

Lee 2004; Lee et al. 2012; Marquis et al. 2012). The

relatively warm conditions within surge A during the

mobile mesonet transect could arise through either dif-

ferences in parcel origin height between the RFD surge

and broad-scale RFD, changes in the latent chilling

within the surge, or some combination of the two.

Modification of the latent chilling rate within the RFD

surge could be a result of either fewer hydrometeors

within the surge or descent in a dynamically driven

downdraft that could transport hydrometeor-laden air

to the surface rapidly (Kumjian 2011).

4. Discussion

a. Evolution of the low- and midlevel mesocyclones

The initial development of cyclonic azimuthal wind

shear associated with the low-level mesocyclone near

the surface and observations of counterrotating vortices

straddling the leading edge of internal RFD surges

throughout the period of interest (Figs. 8, 9) are con-

sistent with the tilting and subsequent stretching of

vorticity originating within the RFD surges by upward

acceleration. Though calculation of a vorticity budget

for air parcels within the RFD surges entering the low-

level mesocyclone is not possible in the present study,

the presence of a vorticity dipole straddling the leading

RFD surge is similar to previous studies in which

counterrotating vortices were attributed to upward-

arching, baroclinically generated vortex lines (Straka

et al. 2007; Markowski et al. 2008, 2011, 2012a; Marquis

et al. 2012; Kosiba et al. 2013; Markowski and Richardson

2014) or to downward-sagging, frictionally generated

vortex lines (Schenkman et al. 2014).

Evolution of the low-level mesocyclone can be dis-

cussed in terms of an inferred dynamic vertical per-

turbation pressure gradient force, which will be

proportional to the magnitude of the azimuthal wind

shear if an assumption of pure rotation is made

(Rotunno and Klemp 1982). In particular, numerical

simulations and observations have found that low-level

mesocyclone intensification can be aided by vertical

accelerations induced by an upward-directed perturba-

tion pressure gradient force that develops when the low-

level mesocyclone is minimally displaced horizontally

and vertically from an intense midlevel mesocyclone

(Wicker and Wilhelmson 1995; Wakimoto et al. 1998;

Adlerman et al. 1999; Wakimoto and Cai 2000; Snook

and Xue 2008).

Time series of azimuthal wind shear at select ver-

tical levels reveal that changes in near-surface rota-

tion lag changes in azimuthal wind shear in the

midlevel mesocyclone at 3 km (Fig. 12). A pro-

nounced intensification occurs at the low levels after

2259 and follows a decrease in horizontal displace-

ment between the low- and midlevel mesocyclones

(Figs. 12c, 13), and during a brief period when a rel-

ative maximum in azimuthal wind shear is observed

bridging the distinct maxima at low and midlevels

(Fig. 13d; see Figs. 2 and 3 in the supplemental ma-

terial). A reduction in the horizontal displacement

between the low- and midlevel mesocyclones would be

expected to promote more intense upward-directed

perturbation pressure gradient forcing over portions of

the low-level mesocyclone, analogous to findings that

large horizontal displacement from the maximum

midlevel rotation (and associated upward-directed

perturbation pressure gradient force) are capable of

limiting low-level mesocyclone development (Wicker

and Wilhelmson 1995; Snook and Xue 2008) and can

occur coincident with tornado and low-level mesocy-

clone decay (Dowell and Bluestein 2002b; Marquis

et al. 2012).

Though smaller than previous times, the horizontal

displacement between the maximum azimuthal wind

shear at 500m and 3 km during the intensification of the

low-level mesocyclone is still greater than 3 km (Fig.

12c). However, the maximum vertical perturbation

pressure gradient may be located away from the axis

of minimum perturbation pressure for a tilted mesocy-

clone (Wakimoto et al. 1998; Wakimoto and Cai 2000),

4 Time lags between the wind acceleration and thermodynamic

response as well as discrepancies in the relative rate of change of ur
and ue across the boundary are likely attributable to variation in the

time constants of mobile mesonet instrumentation (Straka et al.

1996; Waugh and Fredrickson 2010).
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FIG. 10. Time-to-space converted mobile mesonet observations of ground-relative wind speed [half

(full) barbs represent 2.5 (5) m s21] with perturbation (left) ur and (right) ue for 180-s periods centered at

(a),(b) 2254:27, (c),(d) 2259:01, and (e),(f) 2300:26. Mobile mesonet observations are plotted every 30 s

with selected observations removed for clarity and are overlain on objectively analyzedMWR-05XP 1.08
elevation radial velocity observations (m s21). As only a single elevation angle of MWR-05XP data was

objectively analyzed here, the height of the analysis will vary across the domain.Observations fromProbe

1 are plotted in pink, 30 dBZ MWR-05XP 1.08 elevation radar reflectivity values are contoured in cyan,

and grid labels represent distance (km) from MWR-05XP.
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as is observed within the Dumas supercell (Figs. 9, 13; see

Figs. 2 and 3 in the supplemental material). Additionally,

the relative maximum in azimuthal wind shear bridging

the low- and midlevel maxima prior to intensification

would result in an increase in azimuthal wind shear with

height over portions of the low-level mesocyclone nearest

to the midlevel mesocyclone (Figs. 13d; see Figs. 2 and 3

in the supplemental material). These two factors increase

confidence that an upward-directed perturbation pressure

gradient force is aiding in low-level mesocyclone inten-

sification, despite the horizontal displacement between

azimuthalwind shearmaximaat 500mand 3km.The rapid

decay of the low-level mesocyclone beginning at roughly

2302:30 occurs while it is in a similar midlevel-relative

position to when it intensified; however, azimuthal wind

shear in themidlevels rapidly weakens and advects upward

prior to the decay at low levels (Figs. 9, 12, 13; see Figs. 2

and 3 in the supplemental material), reducing the gradient

in azimuthal wind shear with height below the midlevel

mesocyclone and implying a decrease in an upward-

directed perturbation pressure gradient force acting on

the low levels.

Enhanced near-surface convergence along internal

RFD momentum surge boundaries can also generate

and maintain low-level upward acceleration and the

associated stretching of vertical vorticity (Marquis

et al. 2012; Kosiba et al. 2013). It is noted that the

maximum in cyclonic azimuthal wind shear at 500m in

FIG. 11. Time series of Probe 1 observations of (from top to bottom) perturbation ur and ue,

wind direction, and wind speed. Arrows at the top of each panel represent the times that

Probe 1 crossed into (down) and out of (up) internal RFD surge A.
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MWR-05XP data was nearly collocated with the

maximum in horizontal convergence north and trailing

internal RFD momentum surge boundaries B and C in

smoothed TTUKa dual-Doppler data (Figs. 8c–e) be-

fore moving ahead of the near-surface convergence

zone and becoming located over a region of divergence

as the low-level mesocyclone weakened (Figs. 8f–h).

This transition of convergence to divergence co-

incident with the decay of the low-level mesocyclone

suggests that the near-surface convergence field is

playing a role in the intensification, maintenance, and

decay of the low-level mesocyclone.

FIG. 12. Time series of maximum cyclonic azimuthal wind shear (s21) in objectively analyzed

MWR-05XP data for grid levels: (a) 3 and 4 km, and (b) 500m, 1 km, and 2 km AGL.

(c) Horizontal distance (km) between maximum cyclonic azimuthal wind shear at 3 km and

500m. Periods of missing data represent times when the maximum cyclonic azimuthal wind

shear at a given level was not associated with the primary low- and midlevel mesocyclones

within theDumas supercell. Data points in (c) are color coded according themaximum cyclonic

azimuthal wind shear at 500m. Vertical dashed lines correspond to the first time that internal

surges B–D were observed in TTUKa-2 data.
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FIG. 13. (a) The locations, relative to the position of the MWR-05XP, of cross-sections of azimuthal wind shear

(b)–(g) at (b) 2256:03, (c) 2257:36, (d) 2258:43, (e) 2300:45, (f) 2302:10, and (g) 2303:53. Each cross section is 8 km

in length and passes through the maximum in cyclonic azimuthal wind shear at 500m and 3 kmAGL. Labels in (a)

correspond to the labels on the horizontal axis of each cross section with the red circles (black squares) in (a)

marking the location of the maximum cyclonic azimuthal wind shear at 500m (3 km) AGL. The horizontal axis in

(a) has been stretched by a factor of 3 to improve clarity.
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A final note is that upward acceleration and associ-

ated enhanced stretching of vertical vorticity is not the

only mechanism through which intensification of the

low-level mesocyclone can occur. Changes in the buoy-

ancy of air parcels ingested by a low-level mesocyclone

will additionally impact the vertical velocity and magni-

tude of stretching within the mesocyclone (Markowski

et al. 2002; Markowski and Richardson 2014).

b. Evolution of the internal RFD surges

A downward-directed perturbation pressure gradient

force within a supercell will occur as vertical vorticity

within the low-level mesocyclone intensifies to values

greater than those farther aloft, driving an occlusion

downdraft (Klemp and Rotunno 1983; Wicker and

Wilhelmson 1995;Wakimoto et al. 1998; Adlerman et al.

1999; Wakimoto and Cai 2000). The evolution of surges

B–D is consistent with the expected behavior of an oc-

clusion downdraft dynamically driven in this manner.

Surge B is first observed in TTUKa data just before 2259

along the western periphery of the low-level mesocyclone

(see Fig. 1 in the supplemental material), coincident with

the rapid increase in azimuthal wind shear in the low

levels and following a subtle intensification of azimuthal

wind shear at 500m AGL to values greater than regions

farther aloft (Figs. 7, 12, 13). Furthermore, surge B is

initially narrow, exhibits wind speeds higher than the

preceding surge A (and far higher than observations of

the broad-scale RFD), and wraps cyclonically around

the low-level mesocyclone over a period of 4min before

merging with the remnants of surgeA (Figs. 7, 8; see Fig.

1 in the supplemental material), all of which are similar

to simulated and observed occlusion downdrafts.

A difference between the evolution of surge B and

occlusion downdrafts in numerical modeling and dual-

Doppler analyses is that occlusion downdrafts have

typically been found to develop southeast of the low-

level mesocyclone (Klemp and Rotunno 1983; Adlerman

et al. 1999; Wakimoto and Cai 2000).5 However, the

minimum vertical velocity within observed and simu-

lated occlusion downdrafts has not occurred along the

axis of the minimum perturbation pressure (Klemp and

Rotunno 1983; Wakimoto et al. 1998; Wakimoto and

Cai 2000). This observation may be attributable to

displacement of the maximum downward-directed per-

turbation pressure gradient force from the axis of min-

imum perturbation pressure in a tilted mesocyclone

(Wakimoto et al. 1998; Wakimoto and Cai 2000) or

a region of updraft surrounding the axis of minimum

perturbation pressure, which would result in the mini-

mum vertical velocity occurring at the intersection of the

strongest dynamic forcing and minimum ‘‘background’’

vertical velocity along the periphery of the mesocyclone

(Markowski 2002). Surges C and D evolve in a similar

manner to surge B and are first observed just prior to

2301 and 2303, respectively (Fig. 7), during a time when

rotation at low levels was stronger than that aloft (Figs.

12, 13), suggesting that a downward-directed vertical

perturbation pressure gradient force played a role in

their development. A final observation on the evolution

of surges B–D is that a near-surface vortex developed

and persisted to the north and trailing the apex of each

surge, reaching a maximum intensity as it interacted

with the leading edge of surge D (Figs. 7, 8), which is

similar to the evolution of horizontal momentum surges

in prior dual-Doppler studies (Marquis et al. 2008;

Wurman et al. 2010; Marquis et al. 2012; Kosiba et al.

2013) and numerical simulations (Dahl et al. 2014;

Schenkman et al. 2014).

In contrast to observations of internal surges B–D,

surge A was first observed and intensified during a pe-

riod of weak low-level rotation and persisted for more

than twice the time either surge B or surge C was ob-

served as a distinct entity within the broad-scale RFD

(Figs. 6–8). Observations of slightly warmer conditions

within surge A than the surrounding RFD (Figs. 10, 11)

suggest that a localized region of enhanced latent chill-

ing is an unlikely driver of the downdraft, though the

limited quantity of in situ observations do not rule out

regions of stronger thermodynamic forcing trailing the

leading edge of the surge (Hirth et al. 2008; Lee et al.

2012; Weiss et al. 2012). Unfortunately, dual-Doppler

TTUKa and MWR-05XP data are not available during

the genesis of surge A, making a confident assessment of

its evolution difficult; it is speculated that the storm

merging into the RFD of the Dumas supercell prior to

the period of interest may have temporarily enhanced

the outflow within the RFD (Hastings et al. 2012), re-

sulting in surgeA being a reestablishment of the primary

RFD of the Dumas supercell within a region of outflow

broadened by the storm merger (Fig. 4).

c. Tornadogenesis failure

Observations that tornadogenesis is more likely in

supercell RFD outflow exhibiting small density poten-

tial temperature deficits and considerable potential

buoyancy (Markowski et al. 2002; Grzych et al. 2007;

Lee et al. 2011, 2012; Markowski et al. 2012a) have been

linked to the ability of upward-directed perturbation

pressure gradient forces to lift air parcels within the

RFD, enhancing the vertical velocity and stretching of

5Thoughnot labeled an occlusion downdraft, a shallow, dy-

namically driven downdraft was observed south-southwest of the

low-level mesocyclone by Wakimoto et al. (2003).
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vertical vorticity within the low-level updraft (Markowski

and Richardson 2014). Recent observations of low-

level mesocyclones in tornadic supercells that grow up-

ward from near the surface to merge with the midlevel

mesocyclone and extend through the depth of the tro-

posphere prior to tornadogenesis support this link

(Wakimoto et al. 1998; Wakimoto and Cai 2000; Ziegler

et al. 2001; Markowski et al. 2012a). It follows that low-

level mesocyclones whose air parcels are not lifted

through the depth of the troposphere would remain

distinct from the midlevel mesocyclone, as seen in this

study as well as prior dual-Doppler studies (Markowski

et al. 2011) and idealized numerical simulations

(Markowski and Richardson 2014) of nontornadic su-

percells. The inability of air parcels within the RFD to

be lifted through the depth of the troposphere can be

attributed to either excessive negative buoyancy, weak

upward-directed perturbation pressure gradient forces

due to a weak or displaced midlevel mesocyclone, or

a combination of these factors (Markowski andRichardson

2014).

In situ thermodynamic observations within the

Dumas supercell revealed ur deficits within the RFD

and surgeA to the south of the low-level mesocyclone of

generally 2–3K, which have not been prohibitively large

for tornado formation in past studies (Markowski et al.

2002; Grzych et al. 2007). However, limited observations

of surge A, a lack of observations within surges B–D,

and the possibility of large thermodynamic gradients

occurring across successive internal RFD surges (Lee

et al. 2012) prevent confident thermodynamic conclu-

sions being made in regard to tornadogenesis failure.

The strongest convergence to the north and trailing the

northern edge of RFD surges and below the low-level

mesocyclone was observed during the development and

evolution of surges B and C (Figs. 8c–e, 9) from roughly

2300 to 2303. The transition from near-surface conver-

gence to divergence underneath the low-level mesocy-

clone (Figs. 8g,h) coincides with cessation of the inferred

upward-directed perturbation pressure gradient force

(Figs. 12, 13) and the rapid decay of the low-level me-

socyclone. The brevity of near-surface convergence and

of a strong low-level mesocyclone coupled with the

limited depth of the low-level mesocyclone suggests

that upward forcing and stretching of vertical vorticity

in parcels originating within the RFD and RFD surges

was limited, which could contribute to tornadogenesis

failure.

A final observation is that several recent studies have

detected descending reflectivity cores (DRCs) prior to

tornadogenesis (Rasmussen et al. 2006; Kennedy et al.

2007; Byko et al. 2009;Markowski et al. 2012a), and they

have been shown to provide a modulating influence on

circulation available to the low-level mesocyclone

(Markowski et al. 2012b). It is noted that no DRCs im-

pacting the surface near or within the RFD of the

Dumas supercell were observed (see Fig. 4 in the sup-

plemental material).

5. Summary

Observations of a low-level mesocyclone cycle and

multiple internal RFD surges occurring over a 15-min

period in the 18May 2010 Dumas, Texas, supercell have

been presented. The following behavior was observed

within the Dumas supercell:

d Four RFD surges developed and merged over a brief,

15-min period, and an intense surface circulation

developed north of the apex of the final RFD surge.
d The second through fourth RFD surges developed

in a region of inferred downward-directed perturba-

tion pressure gradient force along the periphery of

the low-level mesocyclone and are consistent with

the expected surface manifestation of an occlusion

downdraft.
d Low-level mesocyclogenesis occurred at the northern

extent of an internal RFD surge boundary located

entirely within the broad-scale RFD.
d Counterrotating vortices were observed to meridio-

nally straddle the leading edge of RFD surge bound-

aries throughout the observation period with azimuthal

wind shear within the low-level mesocyclone/

mesoanticyclone initially observed near the surface

before growing upward, as would be expected with the

stretching and advection of vertical vorticity originat-

ing in parcels within the RFD surge.
d Intensification and vertical expansion of the low-

level mesocyclone occurred when it was acted upon

by an inferred upward-directed perturbation pres-

sure gradient force associated with a relative min-

imum in horizontal displacement from the midlevel

mesocyclone and above strong near-surface con-

vergence trailing the northern extent of an RFD

surge boundary.
d For the majority of the analysis period, the low-level

mesocyclone remained distinct from the midlevel me-

socyclone and confined to levels below 2 km AGL,

which, combined with moderate buoyancy deficits

observed within the RFD, suggest limited vertical

acceleration and stretching of vertical vorticity within

the low-level mesocyclone, contributing to tornado-

genesis failure.

A limitation of this study is the unavailability of vol-

umetric dual-Doppler data required for explicit calcu-

lation of thermodynamic and dynamic forcing within the
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Dumas mesocyclones. Efforts are underway to re-

produce observed features of the Dumas supercell in

ensemble Kalman filter data assimilation experiments.

If successful, a quantitative analysis of RFD surge ver-

tical origin and forcing as well as RFD surge impact on

low-level mesocyclogenesis and decay can be produced.

Emerging evidence that low-level mesocyclones and

tornadic vortex signatures grow upward through the

depth of the storm prior to, or during, tornadogenesis

(Markowski et al. 2012a; French et al. 2013), coupled

with observations of shallow low-level mesocyclones

in nontornadic supercells herein and in prior cases

(Markowski et al. 2011), suggest that high-temporal

resolution studies of low-level mesocyclone depth in

tornadic and nontornadic supercells would be a promis-

ing research avenue.
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APPENDIX

Estimation of Spatial Errors in MWR-05XP Data

The lack of a hydraulic leveling system in the MWR-

05XP results in spatial errors introduced by offsets in the

roll and pitch angles of each radar deployment. Exami-

nation of photographs of the MWR-05XP deployment

site during the time of interest of the Dumas supercell

reveal that there was likely an offset in the roll angle to

the radar deployment with the radar sloping downward

from east to west. Despite the presence of potentially

significant errors in height in the MWR-05XP data

(Table A1), the returned power from scans at a 18-ele-
vation angle is similar to that at higher angles at all

azimuths and ranges, suggesting that the majority of the

beam remains above the ground out to the maximum

unambiguous range and the roll angle offset is small.

Additionally, the locations of storm features (i.e., the

low- and midlevel mesocyclones) in MWR-05XP data

are approximately collocated with the locations in level

SMART-R and DOW data collected at a similar time

and elevation angle (Fig. 2), increasing confidence that

spatial errors in MWR-05XP data will minimally impact

a qualitative analysis of storm features within the

Dumas supercell.
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