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ABSTRACT

The genesis of a strong and long-lived tornado observed during the second Verification of the Origins of

Rotation in Tornadoes Experiment (VORTEX2) in Goshen County, Wyoming, on 5 June 2009 is studied.

Mobile radar, mobilemesonet, rawinsonde, and photographic data are used to produce an integrated analysis of

the evolution of the wind, precipitation, and thermodynamic fields in the parent supercell to deduce the pro-

cesses that resulted in tornadogenesis. Several minutes prior to tornadogenesis, the rear-flank downdraft in-

tensifies, and a secondary rear-flank downdraft forms and cyclonically wraps around the developing tornado.

Kinematic and thermodynamic analyses suggest that horizontal vorticity created in the forward flank and hook

echo is tilted and then stretched near the developing tornado. Tilting and stretching are enhanced in the de-

veloping low-level circulation as the secondary rear-flank downdraft develops, intensifies, and wraps around the

circulation center. Shortly thereafter, the tornado forms. Tornadogenesis does not proceed steadily.

Strengthening, weakening, and renewed intensification of the tornado are documented in photographic,

reflectivity,Doppler velocity, and dual-Doppler fields and are associatedwith, and shortly follow, changes in the

secondary rear-flank downdraft, convergence, location of the vortex relative to the updraft/downdraft couplet,

tilting and stretching near and in the developing tornado, and the evolution of total circulation.

1. Introduction

Radar and in situ observations [e.g., Brandes 1978,

1984; Dowell and Bluestein 1997; Wakimoto et al. 1998;

Trapp 1999;Wakimoto andCai 2000;Dowell andBluestein

2002a,b; Markowski et al. 2002 (MSR02); Beck et al.

2006; Wurman et al. 2007b (W07B), 2007c (W07C);

Grzych et al. 2007 (G07); Marquis et al. 2008 (M08);

Wurman et al. 2010 (W10); Marquis et al. 2012a (M12);

Wurman et al. 2013], numerical simulations [e.g., Klemp

and Rotunno 1983; Rotunno and Klemp 1985 (RK85);

Wicker and Wilhelmson 1995 (WW95); Adlerman et al.

1999; Markowski et al. 2003], and theoretical studies (e.g.,

Davies-Jones and Brooks 1993; Davies-Jones et al. 2001) of

tornadic and nontornadic supercells have advanced our

knowledge of the processes necessary for tornadogenesis.

But, the manner by which the finescale details of these

processes and their interconnectivity instigate tornado-

genesis is not well understood (see review papers by

Davies-Jones et al. 2001; Markowski and Richardson

2009). In particular, the mechanism that ultimately trig-

gers the rapid development and subsequent in-

tensification of the near-surface rotation into a tornado is

not known.

In an environment having only horizontal vorticity as-

sociated with the vertical wind shear, a downdraft is
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necessary, but not sufficient, for tornadogenesis. The

vertical velocity gradients associated with an updraft

alone could tilt rotation into the vertical, but would

also carry it away from the surface. Vortex line

configurations1 observed near low-level (height z ,
1.0 km) mesocyclones suggest that downdrafts bar-

oclinically generate and then, in conjunction with

a proximal updraft, subsequently tilt horizontal vor-

ticity vh (the so-called baroclinic tornadogenesis

mechanism; Davies-Jones et al. 2001) rather than

simply rearranging and amplifying preexisting vertical

vorticity (the so-called barotropic tornadogenesis

mechanism; Davies-Jones et al. 2001; Markowski et al.

2003; Davies-Jones 2008; Parker 2012). Although

the development of vertical vorticity at the surface

is a prerequisite for tornadogenesis, many if not

most nontornadic supercells also develop significant

z[O(1022) s21] at the surface (Trapp 1999; Beck et al.

2006; Markowski et al. 2011), but fail to further am-

plify the z to tornado strength (typically 0.2–2 s21)

(e.g., Wurman et al. 1996a; Wurman 2002; Alexander

and Wurman 2005; Lee and Wurman 2005; W07B;

W07C; M08;W10). A growing body of evidence suggests

that the likelihood of tornadogenesis is significantly

influenced by the thermodynamic characteristics of

the rear-flank downdraft (RFD), with the likelihood

of tornadogenesis decreasing as outflow becomes in-

creasingly negatively buoyant (MSR02; G07; Hirth

et al. 2008, hereafter H08), possibly because stretching

of the z-bearing outflow air is inhibited (Markowski

et al. 2003).

Numerical models (Adlerman 2003), finescale dual-

Doppler (W07B; M08; W10) and mobile mesonet (G07;

Finley et al. 2010, hereafter F10; Lee et al. 2011, hereafter

L11) observations, and data assimilation experiments of

tornado maintenance (M12) recently have revealed the

presence of a secondary convergence line [secondary rear-

flank gust front (SRFGF)] located behind the primary

rear-flank gust front, which separates outflow air from

inflow/environmental air (PRFGF). Others have noted

multiple rear-flank gust fronts (F10; L11) and suggest

that there may be differences in downdraft buoyancy

during different stages in the evolution of a tornado.

Vortex line analysis in the Crowell, Texas (2000), tor-

nadic supercell suggested that a comparatively cold

secondary rear-flank downdraft (SRFD)2 might have

assisted in maintaining an existing tornado by bar-

oclinically generating and tilting vh (M12). Data as-

similation analyses for a different tornado (Argonia,

Kansas; 2001) suggested that the SRFD surge might

comprise relatively warm air, which was attributed to

a heat burst–like mechanism. In situ observations by

L11 during a weak tornado (Tipton, Kansas; 2008)

indicated a relatively warm SRFD, which wrapped

around the right flank of the tornado. A similar ori-

entation was documented in the dual-Doppler analysis

of other weakly tornadic storms (M12). In each of

these storms, the SRFD may have contributed to

convergence/divergence in, and hence the strength-

ening/weakening of, an already existing tornado. Al-

though the kinematic and thermodynamic properties

of several SRFDs (and their corresponding SRFGFs)

have been documented, the relationship between the

evolution of these properties, tornadogenesis, and

subsequent intensification is unclear. Moreover, there

are no microphysical and/or thermodynamic observa-

tions of SRFDs aloft, complicating the diagnosis of

their origins.

The paucity of finescale, multiplatform integrated

observations of both the kinematic and thermodynamic

fields in supercells prior to and during tornadogenesis

has hampered the unification of various findings. The

second Verification of the Origins of Rotation in Tor-

nadoes Experiment (VORTEX2) (Wurman et al. 2012,

hereafter W12) provided an opportunity to collect such

integrated data. This study focuses on the tornado-

genesis period, 2148–2202 UTC (hereafter all times are

UTC) 5 June 2009, of a long-lived (38 min) significant

(EF2) tornado occurring in Goshen County, Wyoming,

using data from two of the Doppler-on-Wheels mobile

radars (DOW6, DOW7) (Wurman et al. 1997; Wurman

2001), a SMART radar (SR-2) (Biggerstaff et al. 2005),

the Rapid-Scan DOW (Wurman and Randall 2001;

Wurman et al. 2008), several mobile mesonets (MMs)

(Straka et al. 1996; Waugh and Fredrickson 2010), ra-

winsondes, and photogrammetry teams (Wakimoto et al.

2011, 2012; Atkins et al. 2012). Through the in-

tegration of these data, the goal of this work is to

document the kinematic, thermodynamic, and visual

evolution of tornadogenesis and to examine the role

1 The cyclonic low-level mesocyclone commonly is accompanied

by an anticyclonic vortex that trails the hook echo (e.g., Brandes

1977, 1978, 1981, 1984; Fujita 1981; Fujita andWakimoto 1982; Ray

1976; Ray et al. 1975, 1981; Heymsfield 1978; Klemp et al. 1981),

with the two vorticity extrema being joined by vortex lines that arch

upward and have a horizontal projection alignedwith the buoyancy

isopleths (Straka et al. 2007; Markowski et al. 2008, 2011; M12).

2 In this work, the term SRFD is used to describe a downdraft

region, behind the SRFGF. The semantic distinction of whether it

is a distinct RFD or a pulse or intensification in an unsteady RFD

phenomenon is not made. SRFD is used once the SRFGF is

present. This region of downdraft/outflow behind the SRFGF has

been referred to in other works using various terms, including

‘‘secondary surge’’ (W07B; M08; W10; M12).
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of the RFD/SRFD in the tornadogenesis process. This

is the third in a series of papers analyzing the life

cycle of the Goshen County tornadic supercell, cov-

ering the pretornadic phase (2100–2148) (Markowski

et al. 2012a,b), tornadogenesis (here), rapid inten-

sification (2202–2212), and mature/dissipation phase

(2212–2230) (Richardson et al. 2012). Analysis using

data assimilation will be presented in Marquis et al.

(2012b).

2. Overview of the DOW radar and mobile
mesonet data collection

VORTEX2 deployed dozens of instruments before

and during the time of tornadogenesis (W12). At 2129,

DOW7 deployed along U.S. Highway 85 (41.614378N,

104.252038W), with the antenna center at 1488 m

MSL, and began volumetric data collection at 2130.

At this time, the tip of the hook echo of the supercell

was 33.8 km distant at an azimuth of 286.08 from

DOW7. At 2140, DOW6 also deployed along U.S.

Highway 85 (41.4955648N, 104.3473238W), south and

slightly west of DOW7, with the antenna center at

1568 m MSL, and began volumetric data collection at

2142 (Fig. 1). DOW6–DOW7 dual-Doppler data were

available from 2142 to 2218. A detailed description of

radar sampling and dual-Doppler techniques is provided

in the appendix.

The MM carried roof-rack-mounted weather in-

struments, consisting of temperature sensors, an ane-

mometer, a pressure sensor, a relative humidity

sensor, and GPS, all sampling at 1-s intervals. They

reached the forward-flank region by 2140 and the

hook by 2155. Roads in this region were sparse and

FIG. 1. Tracks of the mesocyclone at 1.5 km AGL (blue) and tornado locations (green) as measured by the DOW radars. The DOW6–

DOW7 308 dual-Doppler lobe is indicated in purple and the 2152DOW7 30-dBZ radar reflectivity isopleth in the hook-echo region is indicated

in black. The location of the radars used in this study and selected reference times along the tornado/mesocyclone track are indicated.
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predominantly unpaved. Initially, the MM could

travel on unpaved roads, but after significant pre-

cipitation, they were limited to the paved Wyoming

Highway 151 (WY151) and U.S. Highway 85 (US85).

The MM targeted the gust fronts and outflow regions

of the storm, given the potential importance of bar-

oclinic vorticity generation and relative buoyancy in

these regions.

3. Single-Doppler radar and photogrammetric
observations

DOW observations starting at 2130 revealed a weak

mesocyclone at z ; 1.2 km (above radar level) coin-

cident with a hook-shaped appendage (at this time, ob-

servations of the mesocyclone much below this level

were precluded, owing to ground clutter). Attenuation

of the radar reflectivity in the forward flank suggested

the presence of hail, which was corroborated by MM

observations at 2141. A low-reflectivity ribbon3 (LRR)

began to form between the forward and rear flanks of

the storm and persisted through the genesis period (Figs.

2, 3). Between 2142 and 2148, simultaneous with the

FIG. 2. (top) Expanded view of the LRR as viewed by DOW7 at 2152 and (bottom) a cross

section through the LRRat the location of the black line. The LRRextended through the depth

of the radar volume to at least 6 km.

3 The LRR was a phenomenon first noticed in this storm, and

subsequently in others (W12). LRRs were characterized by a nar-

row strip (;600 m in width) of reduced reflectivity (up to 25-dB

deficit) and low differential reflectivity values separating the for-

ward and rear flanks of the storm and extending upward to at least

6 km. In this storm, the LRR was not associated with any prom-

inent wind field variations, and it did not appear to play a major

role in the genesis of the Goshen County tornado. As will be dis-

cussed in the next section, parcels entering the tornado passed near

but not through the LRR.
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FIG. 3. (a)–(h) Evolution of the 18 elevation reflectivity field (shown every other sweep, every 2 min), as measured

byDOW7, from 2148 to 2202. An LRR (white ellipse) reappeared near the time of tornadogenesis. A low-reflectivity

eye was barely discernible at 2154, but became prominent at 2200 onward. Reflectivity in the knob of the hook

increased, and the tip of the hook coiled into a classically tornadic appearance.
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intensification of the developing low-level circulation,

reflectivity increased west of the updraft and a descending

reflectivity core (DRC) (e.g., Rasmussen et al. 2006; Byko

et al. 2009) reached the surface (Markowski et al. 2012a).

The reader is referred to Markowski et al. (2012a,b) for

a detailed analysis of supercell evolution prior to 2148.

The reflectivity presentation of the knob of the hook

echo dramatically evolved between 2148 and 2202, with

reflectivity increasing both inmagnitude and in coverage

between 2148 and 2150 (Fig. 3). The development of

a low-reflectivity eye occurred over several minutes,

with an eye only barely visible before 2155, filled in from

2157 to 2159, and then becoming well defined and per-

sistent by 2200 and thereafter. This formation, filling,

and reformation of the eye were linked to measured

changes in tornado intensity, discussed below.

Similar to earlier times (Markowski et al. 2012a),

photographic observations indicated little to no visible

precipitation below the (hook) cloud base or near the

DRC during this time (Fig. 4). A funnel first became

visible aloft at 2156:30 (Fig. 4d), but quickly dissipated

and was no longer present by 2156:59 (see also

Wakimoto et al. 2011). After this time, a broad lowering

was visible, morphing into two broad lowerings between

2158 and 2159. After 2200, the funnel redevelops, low-

ering to near the ground by 2202:33. The formation,

dissipation, and redevelopment of the funnel were

linked to changes in tornado intensity, discussed below.

The Doppler velocity field underwent significant evo-

lution between 2148 and 2202 (Fig. 5). Between 2148 and

2154, strongwest–east (towardDOW7) flow developed to

the south of the nascent tornado. This strong flow then

wrapped cyclonically to the east and then north of the

circulation (not visible in the single-Doppler fields, but

confirmed in the dual-Doppler analyses). Further, at

2152, a weak, east–west-orientedwind shear/convergence

line associated with the SRFGF (as additionally docu-

mented in the dual-Doppler analysis, discussed below)

was discernible south and west of the developing tor-

nado. This was evident as a fine line of enhanced re-

flectivity at 2154 (Figs. 3c,d). From 2152 to 2156, regions

of implied anticyclonic z were evident to the south and

southwest of the tornado (Figs. 5c–e). The region of

anticyclonic z also was visible as a cloud lowering south

of the developing tornado from 2152 to 2159 (Figs. 4b–e).

These anticyclonic Doppler velocity features became

difficult to discern from 2157 to 2159, then again were

evident from 2200 to 2202, but not visually (Fig. 4f). The

location of the anticyclonic vortices suggested they were

positioned along/near the east–west-oriented convergence

line, whichwill be discussed inmore detail in the context of

the dual-Doppler analysis. Apparent divergence, in-

ferred from the change in Doppler velocity with range

(and confirmed by dual-Doppler analysis), associated

with the RFD became increasingly prominent from

2158 to 2202, suggesting an increase in downdraft

strength (Figs. 5f–h).

As ameasure of tornado strength, theDoppler velocity

difference across the low-level circulation/tornado (DV)
from the 1.08 tilts was analyzed as a function of time for

FIG. 4. (a)–(f) Visual evolution of the storm structure during the

tornadogenesis period. Cloud-base lowerings associated with cy-

clonic and anticyclonic circulations that were evident in the radar

wind fields are annotated. Photographs were taken from the

DOW7 location looking east-southeast [courtesy of N. Atkins and

R. Wakimoto (Lyndon State University/National Center for At-

mospheric Research photogrammetry team)].
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FIG. 5. (a)–(h) Evolution of the Doppler velocity field at 18 elevation as measured by DOW7

(shown every 2 min). By 2152:50 (not shown), the velocity difference across the couplet ex-

ceeds 40 m s21, the tornadic threshold established byAlexander andWurman (2008). Between

2152 and 2202, theRFDwraps east of the tornadic circulation. Red arrows indicate anticyclonic

regions, red curves delineate the SRFD and SRFGF region, red circles indicate a secondary

cyclonic region, and blue curves denote a region of increasing divergence extending north of

the displayed panels.
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DOW6, DOW7, Rapid-Scan DOW, and SR-2 (Fig. 6).4

Winds first exceeded the DV 5 40 m s21 tornadic thresh-

old (as defined by Alexander andWurman 2008) just after

2152 and remained above this threshold until 2158. The

winds became briefly and marginally subtornadic at 2159,

but by the next low-level scan at 2200, DV exceeded

40 m s21. DOWmeasurements indicated that the tornado

began well before a condensation funnel reached the

ground after 2202 (Fig. 4), consistent with observations in

weak tornadoes (e.g., Wurman et al. 2007c).

The DOW7 DV increased to 60 m s21 by 2203, weak-

ened to 53 m s21 by 2207, then increased to 93 m s21 at

2212, after which time there was only a modest increase in

DV, peaking at 104 m s21 near 2217 (108 m s21 in the 0.58
scans).5 The Rapid-Scan DOW measured Doppler veloci-

ties of up to 72 m s21 and a DV of 121 m s21 at 15–20 m

AGL just after 2220. At 2211:13, the Tornado Intercept

Vehicle (Wurman et al. 2007a)measuredwinds of 58 m s21

at 3 m AGL as the tornado crossed 4 Corners Road, with

winds on the south-southwestern side of the tornado

breaking several telephone poles before the poles experi-

enced the peak observed winds in the southwestern sector

(Wurman et al. 2013). TheNationalWeather Service,which

had issued a tornado warning at 2127, 25 min ahead of the

genesis time determined by DV, rated this tornado an EF2,

based partially on these DOW and in situ observations.6

Since the low-level structure of the tornado was ob-

served every minute of its life, and every 7 s by the

Rapid-Scan DOW after 2202, it was possible to provide

a precise track of the tornado (Fig. 1). Just after 2152,

when the developing tornado first surpassed DV 5
40 m s21, the circulation center was located over Bear

Creek and just north of Bear Creek Road (41.6388N,

104.4738W). The center of circulation crossed Bear

Creek Road at 2157, at which time peak low-level (in-

bound) Doppler velocities were 43 m s21. The tornado

moved generally southeastward until 2219. After 2219,

the tornado narrowed considerably, while maintaining

DV near 100 m s21. It crossed US85 (41.60808N,

104.25638W) at 2225:42, only 400 m north of the Rapid-

ScanDOW,while weakening rapidly, and then dissipated

at 2230 near 41.5908N, 104.2218W. [Details concerning

the evolution of the tornado after genesis are provided in

Richardson et al. (2012).] There was a suggestion of

a cycloidal nature to the path of the tornado, with maxi-

mum departure of the vortex center from the mean me-

socyclone path occurring at 2154 and 2202.

4. Dual-Doppler and thermodynamic analysis

The evolution of the low-level (0.3-km grid level)7

winds and z derived from the DOW6–DOW7 dual-

Doppler synthesis between 2148 and 2202 is shown in

Fig. 7 (see appendix for the dual-Doppler methodology).

At 2148, an RFD, with an associated PRFGF oriented in

a northeast–southwest line, was west and southwest of the

low-level circulation center. To quantify downdraft

strength, average w values were calculated over 0.25-km2

regions west and east of the developing tornado enclosing

the strongest portions of the downdrafts, as shown in Fig.

7. Necessarily, the exact location of the averaging boxes

changed for each analysis time because of the evolution

of these features. From2148 to 2150, themagnitude of the

peak downward vertical velocities, w, associated with the

RFD had increased (Fig. 8) and an SRFGF, as evidenced

by an increase in low-level convergence/upward motion,

developed south and west of the low-level circulation

center [SRFGF from (213.5, 15) to (220, 16.2) at 2150 in

Fig. 7b]. Through 2154, the SRFD expanded horizontally

eastward and became stronger east of the developing

tornado. East of the tornado, peak SRFD velocities in-

creased between 2152 and 2154, decreased to a relative

minimum at 2156, and increased again through 2158–

2200. Peak resolved convergence and stretching (calcu-

lated over 0.25-km2 regions enclosing the strongest values

of convergence and stretching) proximate to the center of

the developing tornado tracked with and slightly lagged

changes in SRFD intensity, increasing from 2148 to 2154,

decreasing until 2158, and then increasing again through

2202. Changes in developing tornado intensity tracked

(with a slight lag) these metrics, increasing from 2148 to

2156, decreasing until 2159, and then increasing through

2202.8 It should be noted that thesemetrics are calculated

4 Often two spatial scales of circulation were present, with an

inner subkilometer scale embedded inside a 1–2-km-scale circula-

tion (e.g., Wurman et al. 1996a,b; Wurman and Gill 2000; Wurman

2002; Kosiba and Wurman 2008). For calculations of DV, the inner
persistent circulation was selected.

5 The DV calculations were affected strongly by the various ra-

dars’ abilities to resolve the core flow region of the evolving tor-

nado, which shrank from ;1000 to 300 m during genesis.
6 The 72 m s21 measured by the Rapid-Scan DOW was very

near the EF3/EF4 threshold, but the tornado passed through an

area devoid of damage indicators at the time of the measurement.

This observation was not available to theNationalWeather Service

at the time they made the EF-scale rating. DOW7 measured winds

of 62 m s21 at heights as low as 31 m AGL at an earlier time.

7 See appendix for definition of height coordinate over the var-

iable height terrain; hereafter all heights refer to grid levels unless

AGL is indicated.
8 While metrics associated with increases in tornado intensity

decreased from 2156 to 2158, they did not become negative prior to

the tornado weakening. While not diagnosed, dissipative effects

likely are always present. It is surmised that during 2156–2158,

dissipative effects dominated processes causing tornado in-

tensification, therefore the tornado weakened.
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from data collected nearly contemporaneously at syn-

thesis altitudes primarily from the lowest radar tilts, ob-

tained during the initial 30 s of each radar volume, so they

represent short-duration snapshots at intervals of 2 min.

The relationships among these metrics and others,

including the evolution of circulation, will be discussed

below.

The RFD and PRFGF were coherent through at least

z 5 3.0 km, above which height the retrieved vertical

velocities were noisy (not shown). The SRFGF was

FIG. 6. (a) Evolution of the low-level DV (solid lines) as measured by DOW7 (black line),

DOW6 (green line), Rapid-Scan DOW (blue line), and SR-2 (red triangles). The DV from the

DOW6andDOW7 radars exceeded the 40 m s21 tornado threshold after 2152 and approached

50 m s21 by 2157. At 2159, DV briefly dropped several m s21, to below 40 m s21 before a rapid

increase until 2212, then remained relatively constant until 2217, and then decreased. (b)

Evolution of z as deduced from DOW7 (black line), DOW6 (green line), and Rapid-Scan

DOW (blue line) measurements and from the dual-Doppler synthesis in this study at heights of

0.3 km (purple line) and 1.5 km (orange line). A 5-point smoother was applied to the Rapid-

Scan DOW observations.
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coherent throughZ = 1.5 km, but was difficult to discern

at higher altitudes, as the magnitude of the SRFGF

relative to the PRFGF diminished with height (Fig. 9).

FromZ= 0.3 to 1.5 km, the PRFGF sloped backward (to

the west-northwest) with height, suggesting that the

RFD air was less buoyant than the surface air it was

replacing, whereas the SRFGF did not appear to slope

much with height, perhaps indicating that SRFD buoy-

ancy was comparable to that of the original RFD during

the genesis time period (Fig. 10).9 As discussed below,

there were no MM observations across the PRFGF or

SRFGF during tornadogenesis, thus these hypotheses

could not be evaluated.

From 2150 to 2154, low-level (Z = 0.3 km) peak cy-

clonic z associated with the developing tornado increased

to over 0.1 s21, remained constant from 2154 to 2156,

decreased slightly at 2158, and then increased to over

0.15 s21 from 2200 onward, remaining near 0.2–0.3 s21

through 2212 (Fig. 6b). This was similar to the values

calculated from dual-Doppler analyses in a variety of

weak and strong tornadoes (0.1–0.4 s21) (W07B; W07C;

M08; W10), and to the single-Doppler z values for this

case. While observational geometries, radar resolutions,

scanning strategies, and smoothing parameters were

somewhat different among all these studies, the qual-

itative agreement among these calculated quantities

enhanced confidence that similar scales/phenomena

had been resolved and that the results from these

various studies could be comparedmeaningfully. From

2150 to 2154, secondary regions of cyclonic z, with

typical values of 0.02 s21, were evident to the north of

the tornadic circulation and triple point of the RFGF

and the forward-flank gust front (FFGF), but became

less evident after 2156 (Fig. 7). Such enhancements

in z had been associated with cyclic tornadogenesis

(Adlerman et al. 1999), but also with cases (W07B;

W07C)—including this one—where cyclic tornado-

genesis was not observed.

Aloft (z 5 1.5 km), at 2148, a prominent region of

anticyclonic z (20.04 s21) was present just south of the

rear–forward flow associated with the strengthening

RFD [located at (215, 16.5) in Fig. 9a]. This region of

anticyclonic z was coincident with a commonly observed

reflectivity flare on the southern portion of the hook

(e.g., Markowski 2002; Kosiba and Wurman 2008). By

2152, anticyclonic z was evident in the wind fields near

the surface (0.3 km) [located at (212, 14.5) in Fig. 7c],

concentrated initially just south of, then on, the SRFGF

and adjacent to the strong rear–front flow. Vortex lines

(discussed in more detail below) formed arches between

these regions of anticyclonic z and the cyclonic z maxi-

mum located near the developing tornado.

FIG. 8. Magnitude of the RFD/SRFD, the cyclonically eastward-northeastward wrapping

SRFD, convergence, stretching, and circulation at 1-km radius from the developing tornado as

a function of time. Also shown is average DV from the DOW6 andDOW7 radars, a measure of

tornado intensity. Changes in tornado intensity closely track, with a lag, changes in the other

metrics.

9 The slopes of gust front updrafts are also influenced by vertical

wind shear, and the slope represents an imbalance between shear

and relative buoyancy, but in general, relatively less-buoyant out-

flows would tend to undercut more-buoyant air masses.
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During genesis, the mesocyclone exhibited a divided

vertical velocity structure (Lemon and Doswell 1979) as

the downdraft reached the surface and wrapped cycloni-

cally around the low-level updraft. The low- and midlevel

z maximum, originally centrally located in the updraft (at

z5 0.3 and 1.5 km), was located in the updraft but closer

to the updraft/downdraft interface at all times except 2158

(Figs. 7, 9). At 2158, the z maximum was located well

within the downdraft region (at both z5 0.3 and 1.5 km),

where vorticity compression is present; during this time

tornado intensity decreased (Fig. 8). By 2200, the z max-

imum returned to the updraft near the updraft/downdraft

interface, and tornado intensification resumed. While the

exact location of the vertical vorticity maximum relative

to the downdraft interface is sensitive to the wind syn-

thesis parameters, peak resolved convergence decreased

from 2156 to 2158 and then again increased from 2158 to

2200, suggesting that trends in resolved convergence are

associated with trends in subgrid-scale convergence and

hence tornado intensity.

From 2148 to 2156, the magnitude of horizontal vorticity

was enhancedalong thePRFGF [located from(212.0, 12.0)

to (212.0, 20.0) in Fig. 11a] and near the developing

SRFGF [located fromapproximately (212.5, 15) to (218.0,

15.0) in Fig. 11a]. Regions of weaker horizontal vorticity

were concentrated near the FFGF to the immediate west

and north of the developing tornado. MM observations of

virtual potential temperature uy revealed baroclinic zones

within the rear- and forward-flank downdrafts consistent

with the dual-Doppler analysis of enhanced vh in these

regions (that could then be converted to z by later

tilting and stretching). The uy deficit (relative to storm

inflow) was small near the forward-flank downdraft

(FFD) and RFD regions (uy decreases from 309 K east

of the hook to 306–307 K in the knob of the hook and

in the forward flank). This finding was consistent with

the observations of MSR02 and G07, who noted that

the outflow within 4 km of the circulation center of

significantly tornadic supercells had smaller uy deficits

($23.0 K) than nontornadic or weakly tornadic super-

cells. However, the coarseness of the MM observations

precluded evaluation of temporal and finescale spatial

changes in baroclinicity and no observations existed

across the SRFGF during tornadogenesis.

To examine further the origins of the observed vorticity,

vortex lines were constructed near the surging downdraft,

starting at z5 0.3 km at the location of the anticyclonic z

maximum that was adjacent to the SRFGF.10 From 2152

to 2156 (Figs. 11a, 12a), the vortex lines arched upward,

connecting to regions of cyclonic z along the PRFGF and

near the southern portion of the developing tornado. This

morphology was suggestive of the generation of baroclinic

vh, as proposed by Straka et al. (2007), in which a nega-

tively buoyant downdraft baroclinically generates vortex

rings that subsequently are tilted by the horizontal gradient

of vertical velocity encountered as they are advected for-

ward during their descent by the rear–front flow through

the region of negative buoyancy. Vortex lines at 2158,

FIG. 10. Locations of the gust fronts at the surface (0.3 km; light blue) and aloft (1.5 km; dark

blue) for (left) 2152 and (right) 2200 relative to the tornado (T). The FFGF and PRFGF slope

backward with height, whereas the SRFGF does not exhibit much slant with height, possibly

indicating differences in relative buoyancies across the different boundaries.

10 Vortex lines passing through the center of cyclonic z did not

arch, but instead extended vertically through the depth of the dual-

Doppler analysis domain. This lack of archingmay be due in part to

the inability to capture the apex of the arches, as they extend to

such high altitudes, or baroclinic and/or turbulent processes that

have modified their structure (Markowski et al. 2008). It also is

possible that the processes that contributed to producing the main

cyclonic circulation occurred prior to this time period and thus

were not represented in the current analysis.
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while the tornado was weakening, were unlike earlier

and later arch structures (Figs. 11b, 12b). They were not

well connected between regions of cyclonic and anticy-

clonic low-level z, and do not have an arch-shaped ap-

pearance. Possible explanations for this pattern include

transient changes in downdraft buoyancy gradients and/or

convergence, which potentially would alter vorticity pro-

duction and orientation. By 2200, as the tornado re-

sumed intensifying, the arch pattern was reestablished

(Figs. 11c, 12c).

To convert this horizontal vorticity into vertical vor-

ticity, the tilting of horizontal vorticity into the vertical

FIG. 11. Virtual potential temperature (black subjectively drawn contours) calculated fromMM observations (blue

numbers) relative to the 0.3-km DOW7 reflectivity (grayscale) and 0.3-km dual-Doppler derived vh (red vectors) for

(a) 2152, (b) 2158, and (c) 2200, and (d) a close-in view of the hook at 2200. MMobservations are presented for a 5-min

time period, centered on the nominal time. The green lines are horizontal projections for the vortex lines constructed

near the secondary downdraft surge. Purple lines denote the locations of the PRFGF and SRFGF. The uy contours

indicate regions of baroclinicity near the FFGF and the RFGF. Horizontal vorticity at a height of 0.3 km also is

appreciable in these regions. Vortex lines at 2152 and 2200 connect regions of anticyclonic and cyclonic vorticity located

near the PRFGF and SRFGF, respectively, whereas at 2158, vortex lines are not observed between these regions.
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FIG. 12. Vortex lines at (a) 2152, (b) 2158, and (c) 2200, illustrating an arched pattern from near the PRFGF and the SRFGF at 2152 and

2200 and no arching at 2158 (green). Vortex lines originating in the center of the developing tornado (red) rise to high altitudes. Cyclonic

(yellow) and anticyclonic (blue) z isosurfaces (0.02 s21) are contoured.
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(tilting hereafter) likely occurred as air approached the z

center. Tilting experienced by parcels moving toward

the tornado was difficult to correlate with observed

changes in z experienced by these same parcels, even

with these, and other, finescale dual-Doppler data

(W07B; W07C;M08; W10).11 However, the evolution of

prominent features in the instantaneous tilting fields was

well correlated with changes in storm structure (e.g., vi-

sually observed funnels, development of a low-reflectivity

eye) and tornado intensity (Figs. 8, 13). Strong tilting was

present in the immediate vicinity of the developing/

intensifying tornado (2150–2154, 2200) andwasweaker in

the same region as tornado intensity decreased (2156–

2158). A broad region of weaker tilting, concentrated

along the PRFGF and FFGF, was present prior to and

during the tornadogenesis period.12 The stretching of z

associated with the developing tornado increased from

2148 to 2154, decreased through 2158, and again in-

creased through 2202, correlated with changes in tornado

intensity (Fig. 8).

Changes in the intensity of the developing tornado

shortly followed changes in downdraft intensity associ-

ated with the secondary surge and related changes in

convergence, tilting, and stretching. In the absence of

evidence of changes in the production of vh during tor-

nadogenesis, this correlation suggested that the eastward

surging SRFD enhanced z through increased tilting and

stretching at the surge/updraft boundary proximate to the

tornado.

Circulation and trajectory analysis

Changes in the low-level circulation were evaluated

further through circulation and trajectory analysis. The

total low-level circulation (Cz50:3km 5
Þ
v � dl, where v is

dual-Doppler-determined velocity and l is distance along

the boundary of the region over which C is being calcu-

lated) was calculated at a radius of 1.0 km from the de-

veloping tornado.13 The 1-km radius total circulation

generally increased from 2148 to 2156, decreased slightly

through 2158, then increased again by 2200 (Fig. 8). This

increase in circulation, during the period when the SRFD

had begun to surge east and north of the developing tor-

nado, immediately preceded the increase in tornado in-

tensity (Fig. 8). A decrease in the total circulation from

2156 to 2158 preceded a weakening of the tornado and

corresponded to a decrease in the surge of SRFD air east

of the tornado. The subsequent increase in circulation after

2158, corresponding to a reinvigorated SRFD surge, pre-

ceded the reintensification of the tornado.

Backward trajectories were calculated for the parcels

that exited the 1-km-radius circulation to determine their

source regions. Parcels were tracked backward from 2150

to 2142, 2152 to 2142, 2154 to 2142, 2156 to 2144, 2158 to

2146, 2200 to 2148, and 2202 to 2150.14 Parcels originated

along or just north of the FFGF, and mostly south of the

LRR, for all times (Fig. 14a). These parcels initially

traveled quasi horizontally, then slightly ascended as they

approached the updraft associated with the low-level cir-

culation, and finally descended as they became part of the

downdraft. Horizontal vorticity and tilting were enhanced

along the trajectories near the forward flank (Fig. 13). It is

surmised that parcels entering the tornado then traveled

through the regions of enhanced stretching and tilting that

developed proximal to the tornado, associated with the

eastward-surging SRFD.15

Forward trajectory calculations showed that parcels

reaching the 1-km radius ring followed different types of

paths thereafter. Parcels initialized on the northern and

eastern segments of the ring were ingested by the de-

veloping tornado. The parcels south of the tornado be-

came part of the rear–forward flow, initially moving

eastward and then ascending the PRFGF to heights of

several kilometers. Some of the parcels originating west

of the z maximum followed similar paths and ascended

near the PRFGF, while others, in particular the parcels on

the periphery of the rear–forward flow adjacent to low-

level updraft, were ingested by the tornado (Fig. 14b).

RK85, WW95, and Wakimoto et al. (1998) also found

a significant number of parcels originating from the

northeast, near the FFGF, entering tornadoes and/or

low-level mesocyclones, thus underscoring the impor-

tance of this region for the development of low-level

rotation. Importantly, the modeling results of RK85 and

11 The dual-Doppler geometrywas excellent and the scans in this

analysis were synchronized better than in previous cases, so the

inability to extract tilting along parcels’ paths likely is due to the

temporal evolution between dual-Doppler analyses and the lack of

radar observations below 100–200 m AGL.
12 The possibility that parcels experienced substantial amounts

of integrated tilting during long passages through unresolvedly

low-magnitude tilting cannot be excluded. However, observed

changes in tornado intensity are well correlated with the observed

changes in near-tornado tilting fields.
13 A Lagrangian analysis of circulation along a material circuit

was precluded, as a significant number of parcels along the 1-km

ring frequently did not exit the circulation and therefore could not

be tracked backward, leading to an incomplete material circuit.

14 Most trajectories dropped below the data horizon (usually

200 m) after a couple of minutes, necessitating the use of down-

ward extrapolation (see appendix for methodology). Even parcels

that started at heights of 800 m dropped below the data horizon.
15 It was difficult to trace the origins ofmany parcels reaching the

1-km ring in the eastern sector starting at 2156 much beyond the

1-km ring because these parcels often failed to sufficiently exit the

near-tornado circulation.
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WW95 indicated a tilting ofvh as the parcels descended

and then approached the mesocyclone from the east and

appreciable stretching as the parcels were ingested into

the mesocyclone. The dual-Doppler analyses of the

Garden City, Kansas, storm by Wakimoto et al. (1998)

did not show tilting along the trajectories’ path, but

appreciable stretching was observed as they neared the

FFGF. It was hypothesized that the tilting process was

present, but poorly resolved in their observations.

WW95 identified an additional source region of parcels

to the northwest of the tornado that also were ingested

by the tornadic circulation. These parcels experienced

greater vertical excursions than the parcels entering

from the northeast. The environment of the storm

modeled in WW95 was different from that of the cur-

rently studied storm, with larger storm-relative helicity,

FIG. 13. Representative backward trajectories starting on the 1-km radius from 2200 to 2148 (maroon line), 2156 to

2144 (blue line), and 2152 to 2142 (black lines). Colored markers denote the location of these parcels at (a) 2152, (b)

2154, (c) 2156, and (d) 2200. The yellow line denotes the 30-dBZDOW7 isopleth, orange arrows depict vh, red line

contours denote positive tilting, and shading denotes stretching at each time. Tilting is contoured every 1.0 3
1024 s22. All fields are shown at 0.3-km height. Tornado location is denoted with ‘‘T’’ and the location of the gust

fronts are outlined in gray.
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FIG. 14. (a)Backward trajectories from2154 to 2142 starting at a radius of 1.0 kmcentered on the low-level (z5 0.3 km)

z maximum (black lines). Parcels composing the 1-km circulation originate near the forward flank. (b) Forward trajectory

paths from 2154 to 2202 starting at a radius of 1.0 km centered on the 0.3-km z maximum (black lines). Parcels composing

the 1-km circulation generallywere captured by the tornado, but somemoved upward along the PRFGF, near the tornado.

DOW7 reflectivity is contoured, vectors depict the horizontal winds at 0.3 km, and purple lines denote the locations of the

gust fronts. The view is from the southeast.
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more CAPE, and a different hodograph shape, possibly

resulting in differences in structures and, hence, hori-

zontal source regions.16 The results of the current

analysis suggest that similar processes contributed to the

genesis of the Goshen County tornado: generation of

horizontal vorticity along the FFGF, subsequent tilting

of this horizontal vorticity into the vertical on the east

side of the circulation, and then stretching of the z by

strong low-level convergence. The onset of strong low-

level convergence, tilting, and stretching was associated

with the onset of the surging SRFD. The evolution of

these fields was well correlated with changes in tornado

intensity (Fig. 8).

Since the SRFD surge led to increased convergence,

tilting, and stretching that promoted tornadogenesis, it

was of interest to ascertain the origins of the SRFD. The

air behind the SRFGF comprised parcels originating

from both the forward-flank and RFD regions, originat-

ing from heights of 0.5 to 3.0 km (Fig. 15). Parcels farther

to the east were from the forward flank, whereas parcels

farther to thewestwere associatedwithmainly downward

motion. At 2152, MM observations revealed decreasing

ue, from east to west across the hook echo (342–339 K),

suggesting that air on the west side of the hook echo

originated farther aloft (Fig. 16). Proximity sounding

data from 2150 indicate that ue dropped below 339 K

above 1 km (to aminimum of 325 K at 2 km). Assuming

the conservation of moist entropy, these observations

suggest that parcels in the SRFD originated from at

least 1 kmAGL, consistent with the results of L11 and

M12 and the current trajectory analysis (Fig. 15). Most

parcels from the SRFD did not enter the tornadic

circulation, but instead ascended along the rear-flank

gust fronts.

5. Conclusions

Finescale radar, thermodynamic, and photographic ob-

servations were integrated to provide a multiparameter

analysis of the tornadogenesis process in a significant tor-

nado. This dataset provided the unique opportunity to

examine the role of an SRFD and other finescale features

in tornadogenesis. Below is a summary of the processes

observed during the genesis phase of the Goshen County

tornado, and the deduced relationships between the ob-

served processes, tornadogenesis, and early evolution of

tornado intensity (Fig. 17):

1) During the approximately 10-min period correspond-

ing to the tornadogenesis phase, the tornado-scale

vortex underwent a strengthening phase, a subse-

quent weakening phase during which tornadogenesis

FIG. 15. Backward trajectories starting at 2152 and ending at 2142 for parcels starting just

north of the SRFGF. Parcels that composed the SRFD originated a few km aloft. Radar re-

flectivity is shown at 0.3 km and gray lines denote the locations of the gust fronts. The view is

from the south-southeast.

16 Other discrepancies could have been due to the current dual-

Doppler analysis starting at a height of about 200 mAGL, whereas

the numerical study of WW95 extended much lower, below the

levels observed by the DOWs (dual-Doppler fields were extrapo-

lated below grid levels of 200 m prior to 2148 and below 100–200 m

afterward), or because of frictional and microphysical effects,

which were not properly accounted for in the numerical model.
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stalled, and then a restrengthening phase. These

changes closely followed changes in the magnitude

of the SRFD, which developed west of the pretorna-

dic circulation and wrapped cyclonically around the

developing tornado. The two strengthening phases and

one weakening phase of tornado intensity shortly

following changes in downdraft strength, tilting, stretch-

ing, and total circulation suggest these changes were

causative, not coincidental.

2) Trajectory analysis showed that parcels ingested by

the tornadic circulation traversed the forward flank

of the storm, where buoyancy gradients and associ-

ated horizontal vorticity were present near the

surface. This suggests that parcels entering the

tornado first acquired baroclinically generated hori-

zontal vorticity during their residence within the

forward flank, which was subsequently tilted and

stretched along the SRFGF (i.e., the downstream

FIG. 16. (top) The ue (black isopleths; dashed isopleths indicate uncertainty in position)

calculated from MM observations (black numbers), relative to the 30-dBZ DOW7 reflectivity

(yellow isopleth), vertical motion (color contours), and gust fronts (gray lines) for 2152. Across

the hook, near-surface ue decreased from east to west. Comparisons of ue values from MM

and rawinsonde observations from the (bottom) 2150:26 sounding were consistent with

the dual-Doppler trajectory analysis that indicates that downdraft air in this region originates

from $1 km aloft.
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edge of the SRFD) just east of the z maximum.

Changes in the SRFD characteristics near the tor-

nado affected the tilting and stretching of vorticity,

establishing conditions favorable for tornadogenesis.

Although many of the parcels from the western

sector followed a similar path, most did not enter

the tornadic circulation; therefore, they did not

directly affect tornadogenesis.

3) Vortex line arches in the outflow, joining the

nascent tornadic circulation with an anticyclonic

vortex that trailed the hook echo, were consistent

with storm-generated baroclinic vorticity. During

the tornadogenesis period, the MM-observed uy
deficit along the baroclinic zone was only a few

degrees, similar to other strong tornadic storms

(MSR02; G07). A growing body of observations

suggests that large instantaneous baroclinic gener-

ation of vh may not be necessary for tornado-

genesis. Instead, modest baroclinic generation of

vh over an extended time period in conjunction

with a tilting (and subsequent stretching) mecha-

nism near the low-level circulation center, as was

observed to develop after 2150, may be most favor-

able for tornadogenesis.

4) A newly noticed reflectivity feature, the LRR, was

first observed in this storm, and became quite pro-

nounced immediately prior to tornadogenesis. Al-

though the LRR was prominent in the reflectivity

field, trajectory analysis showed that parcels entering

the tornado did not pass through it, and it had no

obvious link to the processes that contributed to

tornadogenesis.

5) Visual manifestations of features associated with the

developing tornado were well correlated with those

resolved in the single- and dual-Doppler analyses. The

frequently (visually) observed unsteady process of

tornado intensification during genesis, including the

formation and dissipation of funnels during genesis,

was associated with kinematic properties of this storm

resolved in the radar analysis. Specifically, a prominent

near-surface anticyclonic vortex developed just prior

to tornadogenesis and was evident both in the radar

and the photogrammetric observations. Minutes after

the radar-measured circulation reached tornadic

FIG. 17. (a)–(d) Schematic of the tornadogenesis process from 2148 to 2202. Blue lines indicate the strength and

orientation of the SRFD, olive lines indicate the location and strength of the PRFGF and the SRFGF, and red lines

indicate the FFGF. Enhanced convergence, associatedwith increased tilting (dashed black lines) and stretching (pink

shading) occurs in (b) and (d). Changes in the SRFD were linked to enhanced production of z, tornadogenesis, brief

weakening, and resumed intensification of the tornado. Intensity of the developing tornado is indicated schematically

with the number of black arrows.
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intensity, a funnel cloud was visible aloft. Subse-

quently, the radar-measured circulation briefly de-

creased in intensity and had a disorganized multiple

vortex structure. Correspondingly, the visible funnel

disappeared andwas replaced by two broad lowerings.

When the radar-measured winds in the tornado again

increased, the funnel reappeared and extended to

near the ground. The tornado was observed by radar

to form about 10 min before a visible condensation

funnel reached the ground.

Strong rotation is observed frequently in nontornadic

supercells (Trapp 1999; Beck et al. 2006; Markowski et al.

2011); therefore, the processes that are associated with the

development of a low-level mesocyclone do not always re-

sult in tornadogenesis. While the available data and wind

synthesis necessarily limit the scope and certainty of the

results, a potential triggeringmechanism for tornadogenesis

in this storm has been identified. Further evaluation of the

hypothesized tornadogenesis/triggering mechanism will re-

quire the analysis of many more cases in varied storm en-

vironments and with different analysis techniques and data.

For example, data assimilation modeling experiments may

extend these results to explore aspects of tornadic and

nontornadic storms that have not been observed directly.
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APPENDIX

Radar Sampling and Analysis Techniques

The DOWs were single-polarization systems in 2009,

operating near 9.37 GHz with a transmit power of

250 kW, and pulse lengths and gate lengths were

matched at 0.4 ms (60 m). Volumetric data collection

commenced after the DOWswere leveled to within 0.18,
as determined by both pedestal-mounted bubble levels

and gravimetric inclinometers.

The DOW6–DOW7 dual-Doppler baseline was

15.41 km. The crossing angle of the DOW6 and DOW7

beams through the tip of the hook at 2142 was 34.48,

suitable for dual-Doppler analysis, and increased as the

storm moved toward the radars. At 2142, the lowest-

elevation radar beams (0.58) crossed through the tip of

the hook at 170–200 m above the height of the individual

radars. However, since the terrain at this location was

;1640 m MSL, higher than the altitude of the DOWs,

these beams were only 50–130 m AGL. After 2148, the

tip of the hook and the mesocyclone had moved over

lower terrain, typically 1500–1550 mAGL, and the height

of the lowest radar beams from 2148 to 2202 was about

100 m AGL.

The DOWs scanned at ;508 s21, azimuthally over-

sampling radar beams every ;0.58, completing volume

scans every 120 s (revisiting low elevations approxi-

mately every 60 s), and yielding 19 dual-Doppler vol-

umes from 2142 to 2218. Additionally, data were

collected by DOW7 from 2130 to 2142, by DOW6 from

2218 to 2226, and Rapid-Scan volumetric data were

collected at 7-s intervals from 2202 to 2234. Elevation

angles of 0.58, 18, 28, 38, 48, 58, 68, 88, 108, 128, 148, and 168
were used for both DOWs in the wind syntheses.

Azimuthal rotation (yaw) for each DOW was de-

termined by aligning ;50 man-made clutter targets in

0.58 and 1.08 radar sweeps, resulting in an accuracy of

;0.18, much less than the ;0.58 azimuthal sampling in-

terval. Scan timing between DOW6 and DOW7 was

synchronized so that scans through low levels and higher

levels of the storm were nearly contemporaneous, es-

pecially during the genesis period of 2148–2202, mini-

mizing errors in the dual-Doppler analysis caused by

storm evolution between the observation times of the

radars.

Data were interpolated to a Cartesian grid using

a two-pass Barnes (Koch et al. 1983) scheme (Barnes

1964) using a second-pass convergence parameter g of

0.30 (Majcen et al. 2008). Grid parameters were based

on the azimuthal dh and vertical dy data spacing at the

average location of the mesocyclone. For a conservative

oversampled half-power beamwidth of 0.78 and an ele-

vation interval of 18 at a range of 20 km, this resulted in

dh 5 244 m and dy 5 349 m. A smoothing parameter

[k 5 (1.33d)2] of 0.216 km2 (Pauley and Wu 1990) and

a grid spacing (D 5 d/2.5) of 100 m were chosen (Koch

et al. 1983) over a 30 km 3 30 km horizontal and 4-km

(early) and 1.5-km (late) vertical domain. No downward

extrapolation was performed in the objective analysis.

Grid coordinates were relative to DOW6.

Plotted dual-Doppler winds were mesocyclone-relative.

Amesocyclone motion of (u, y)5 (10.6,22.8) m s21 was

determined using averaged DOW-measured low-level

mesocyclone locations during 2143–2203. Vertical ve-

locities were derived from upward integration of the an-

elastic mass continuity equation with a lower boundary
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condition of w 5 0. Dual-Doppler fields were extrapo-

lated downward from the lowest observed level (typically

200 m above the lowest grid level) using downward

propagation of the coefficients of the directional cosine

terms of the dual-Doppler equation and iteratively solv-

ing for u, y, andw. The lowest grid level was at the level of

DOW6, 1568 m MSL. Terrain height was as much as

70 m higher under the mesocyclone before 2148, but

more typically within 650 m.

Trajectories were computed using a fourth-order

Runge–Kutta integration scheme and trilinear spatial

interpolation at 20-s intervals. Since retrieved vh was

noisy, likely because of errors in w, a three-step Leise

(1982) filter was applied to the three-dimensional vor-

ticity field during vortex line calculation. Trajectories

and vortex line calculations began at z 5 300 m, 100–

200 m above the lowest level of nonextrapolated ob-

servations, but trajectories were allowed to drop below

300 m.
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