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ABSTRACT

Dual-Doppler wind synthesis and ensemble Kalman filter analyses produced by assimilating Doppler-on-

Wheels velocity data collected in four tornadic supercells are examined in order to further understand the

maintenance of tornadoes. Although tornado-scale features are not resolved in these analyses, larger-scale

processes involved with tornado maintenance are well represented.

The longest-lived tornado is maintained underneath the midlevel updraft within a zone of low-level hori-

zontal convergence along a rear-flank gust front for a considerable time, and dissipates when horizontally

displaced from the midlevel updraft. The shortest-lived tornado resides in a similar zone of low-level con-

vergence briefly, but dissipates underneath the location of the midlevel updraft when the updraft becomes

tilted and low-level convergence is displaced several kilometers from the tornado. This suggests that a loca-

tion beneath the midlevel updraft is not always a sufficient condition for tornado maintenance, particularly in

the presence of strongly surging outflow. Tornadoes in two other storms persist within a band of low-level

convergence in the outflow air (a possible secondary rear-flank gust front), suggesting that tornado mainte-

nance can occur away from the main boundary separating the outflow air and the ambient environment.

In at least one case, tilting of horizontal vorticity occurs near the tornado along the secondary gust front, as

evidenced by three-dimensional vortex line arching. This observation suggests that a relatively cold secondary

rear-flank downdraft may assist with tornado maintenance through the baroclinic generation and tilting of

horizontal vorticity, despite the fact that parcels composing them would be more negatively buoyant than the

preceding outflow air.

1. Introduction

Despite the obvious societal importance of tornadoes,

outstanding questions remain regarding the dynamics

governing several aspects of tornado behavior, particu-

larly their maintenance. Some of the obstacles to answer-

ing these questions are the dangers and logistical

complexity involved with data collection in tornadic

storms and the vast computer resources required to

simulate both the parent storm and the smaller-scale

tornado simultaneously. Our current understanding de-

rives from several studies that provide clues to the con-

ditions and processes supporting tornadoes through

numerical simulations (e.g., Klemp and Rotunno 1983;

Wicker and Wilhelmson 1995; Grasso and Cotton 1995;

Trapp and Fiedler 1995; Trapp and Davies-Jones 1997),

radar and in situ observations (e.g., Brandes 1978, 1984;

Dowell and Bluestein 1997; Wakimoto and Liu 1998;

Markowski et al. 2002; Grzych et al. 2007; Wurman et al.

2007a,b; Hirth et al. 2008), or theory (e.g., Davies-Jones

and Brooks 1993). A review of tornado-related litera-

ture suggests a strong focus on understanding tornado-

genesis. Informally tallied, at least a dozen different

albeit not always unrelated, hypotheses have been posed
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for methods of tornadogenesis (Davies-Jones 2006). In

comparison, a relative paucity of studies exist that fo-

cus on the maintenance of a mature tornado. In fact,

the authors are aware of only one study that predicts

certain conditions for tornado maintenance (Dowell and

Bluestein 2002, hereafter DB02). Some studies have

briefly described observations of the evolution of certain

storm-scale or mesocyclone-scale features that are con-

current with a weakening tornado, which may be useful

for understanding how tornado maintenance is disrupted.

The following is a short review of such observations and

a list of some outstanding questions regarding the role

that certain storm- and mesocyclone-scale processes play

in tornado maintenance. Schematic diagrams of these

processes are shown in Fig. 1.

1) Rear-flank downdrafts and gust fronts:

Past works (e.g., Lemon and Doswell 1979; Brandes

1978, 1984; Wicker and Wilhelmson 1995) have em-

phasized a divided mesocyclone structure, outflow sur-

rounding circulation centers, trajectories coming from

outflow air, and occluded gust front structure, at tor-

nadogenesis. However, such studies have also men-

tioned that similar storm-scale outflow structures

are observed at tornado demise (Fig. 1a). Therefore,

it is not clear to what extent changes in the outflow

structure and the separation of the tornado vortex from

environmental air affects tornado duration. Marquis

et al. (2008) show that the tornado in the Crowell,

Texas, supercell persisted while separated from the

convergence on the primary rear-flank gust front by

several kilometers, but located near a secondary rear-

flank gust front. Signals of similar secondary rear-flank

downdraft pulses have been detected in other storms

with high-resolution radar data (Wurman et al. 2007a,

2010), mobile mesonet observations (e.g., Finley and

Lee 2008; Lee et al. 2008; Finley et al. 2010), and

numerical models (Adlerman 2003). The role that

secondary surges of rear-flank downdraft and their

attendant gust fronts play in tornado maintenance is

not well understood.

2) Mesocyclone strength:

DB02 summarize that ‘‘tornado maintenance re-

quires a continued collocation of vertical vorticity and

horizontal convergence.’’ Therefore, tornado mainte-

nance is disrupted if the surrounding larger-scale cir-

culation (e.g., mesocyclone) and/or horizontal con-

vergence weakens, decreasing the inward transport of

angular momentum (Fig. 1b), or if dissipation of angular

momentum increases. Rasmussen and Straka (2007)

show that the Dimmitt, Texas, tornado weakens when

an axial downdraft and low-level divergence are pres-

ent, resulting in the reduction of angular momentum

near the axis of rotation at the ground. However, this

calculation of the angular momentum budget near a

tornado is performed in only one storm with single-

Doppler data, precluding a comparison of their obser-

vations to the full storm-scale flow in other supercells.

3) Tornado position relative to midlevel updraft:

DB02 hypothesize that tornadoes observed in the

cyclic supercell near McLean, Texas, were maintained

while their updraft-relative motion, which was ap-

proximately that of the average updraft-relative

flow surrounding them, was near zero. Maintenance

was disrupted when storm outflow decreased and/or

storm-relative inflow increased, resulting in the

tornado becoming removed from the ideal zone of

convergence and tilting and stretching of vorticity

located beneath the midlevel updraft (Fig. 1c). Numer-

ical simulations by Wicker and Wilhelmson (1995)

indicate a displacement of the near-surface vortex

from the updraft aloft by strong outflow winds

present when the tornado is weakening, consistent

with visual observations of dying tornadoes (e.g.,

Wakimoto and Martner 1992). The generality of this

result is unclear, as the effect of the mesocyclone-scale

flow on the motion of the tornado and its placement

relative to the main updraft in other storms is not

known.

4) Outflow temperature:

Markowski et al. (2002, 2003) found that relatively

buoyant rear-flank outflow (the outflow was usually

negatively buoyant, but only weakly negatively buoy-

ant in most cases) was associated with the genesis of

intense, long-lived tornadoes in the sample of storms

for which surface observations were obtained (Fig.

1d). However, as tornadoes reach maturity, strong

dynamically induced convergence exists in the corner

flow region owing to the interaction of the tornado

with the ground. On larger scales, dynamically induced

vertical acceleration associated with ›p9/›z , 0 and

›z/›z . 0 may also exist. Therefore, it is not clear if the

evolution of outflow temperature affects tornado

maintenance if dynamically induced low-level conver-

gence could contract and lift negatively buoyant air.

5) Three-dimensional vorticity structure:

Straka et al. (2007) propose that portions of baroclini-

cally generated (horizontal) vortex rings within the rear-

flank downdraft can be tilted as they descend and move

forward in a storm-relative sense and encounter an

elongated updraft (like that along a rear-flank gust

front), generating cyclonic vertical vorticity at the

ground in the typical tornado location (Fig. 1e). This

baroclinic mechanism is suggested to be important to

tornadogenesis. However, it is not known if it plays a

significant role in the maintenance of a mature tornado.
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Additionally, it is not known if a similar mechanism

occurs along secondary rear-flank gust fronts, sometimes

collocated with a horizontal temperature gradient

(e.g., Finley and Lee 2008; Finley et al. 2010) that

may contribute to a complex pattern of baroclinic

horizontal vorticity generation and tilting in the

rear-flank downdraft.

In the present study, high-resolution (Dx ; 100 m,

Dt , 60–90 s) single- and dual-Doppler data collected by

FIG. 1. Schematic representations of the five topics relating to stages of the tornado life cycle

outlined in the introduction: (a) the observed relationship between the rear-flank downdraft

and gust fronts, mesocyclone, and a tornado during tornadogenesis and demise; (b) the re-

lationship between tornado strength and changes in the strength of the low-level mesocyclone

and convergence; (c) the relationship between tornado strength and its position relative to the

primary updraft (the horizontal arrows represent the relative magnitudes of the low-level

updraft-relative inflow and outflow); (d) the relationship between tornado longevity and

temperature deficit of the outflow; and (e) the relationship between tornadogenesis and the

tilting of an initially sinking baroclinically generated vortex ring (thin dashed vertical lines

indicate the height of the vortex line above the ground). In (a)–(e), tornadoes that are shaded

with dark gray have a greater intensity than those with a lighter gray shading. Nondimensional

times of images are labeled in (a),(b),(c), and (e) with t0 , t1 , t2.
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two Doppler-on-Wheels (DOW; Wurman et al. 1997)

radars in four tornadic supercells are analyzed in order

to address some of the unknowns about tornado

maintenance listed above. In two of the four cases, the

spatial and temporal coverage of single-Doppler data is

adequate for their assimilation into a numerical cloud

model using the ensemble Kalman filter technique

(EnKF; e.g., Snyder and Zhang 2003; Dowell et al. 2004).

The EnKF analyses provide a coarser grid resolution

(Dx 5 500 m) than the dual-Doppler wind syntheses, but

offer greater spatial and temporal coverage of the

mesocyclone-scale flow and provide estimates of variables

that were not observed in the field, such as temperature

and humidity. We use the dual-Doppler syntheses to

examine low-level kinematic characteristics of each storm,

such as the evolution of the near-surface horizontal con-

vergence along the gust fronts and mesocyclone-scale

rotation, and use the EnKF analyses to evaluate the

relationships between observed surface kinematic struc-

tures and unobserved features, such as the buoyancy of

the outflow air and the relative position and strength of

the midlevel updraft. The examination of these data in

multiple cases allows us to determine if processes gov-

erning tornado maintenance vary across a sample of

storms containing tornadoes with differing peak in-

tensities and durations. This information may be valu-

able to increase the ability to forecast or nowcast

tornado longevity. Section 2 briefly describes the peak

intensity and duration of each observed tornado, as well

as the dual-Doppler wind synthesis and data assimila-

tion procedures performed in the four storms. Section

3 describes the examination of these data in the context

of tornado maintenance, and section 4 summarizes the

results.

2. Method

a. Cases studied

The tornadoes examined in this study were observed

by the DOW radars on the following dates and locations:

3 June 1999 near Almena, Kansas; 30 April 2000 near

Crowell, Texas; 5 June 2001, near Argonia, Kansas; and

22 May 2004, near Orleans, Nebraska (hereafter, each

storm will be identified by these locations). In this study,

tornadic vortices are identified by 1) a difference be-

tween the peak inbound and outbound values of the

resolved radar radial velocity couplet (assumed to be

approximately twice the vortex-relative peak tangential

velocity), DVr . 40 m s21; 2) a distance between the

inbound and outbound radial velocity maxima, D , 2 km;

and 3) an estimated vertical vorticity, z 5 2DVr/D .

0.1 s21; all present throughout the lowest 1 km AGL for

at least 2 min (similar to Alexander and Wurman 2008).

The observed peak strength and duration of each tor-

nado is provided in Table 1 using single-Doppler DOW

velocities and National Climatic Data Center (NCDC)

storm reports. The entire tornado life cycle is docu-

mented with the DOWs only in the Argonia storm, in

which case, a small-scale pretornado Doppler veloc-

ity couplet is observed from approximately 0026 to

0032 UTC. Based on a composite of mobile and sta-

tionary DOW observations, visual reports from the

DOW crew, and NCDC reports, it is surmised that the

Argonia tornado is both the weakest (measured in terms

of peak DVr) and shortest lived in this study, the Almena

tornado is the most intense and longest lived, and the

Crowell and Orleans tornadoes contain a peak intensity

and duration intermediate to the Argonia and Almena

tornadoes. The structure and evolution of these storms

are discussed in greater detail by Marquis et al. 2008

(Crowell), Dowell et al. 2002 (Argonia), Wurman et al.

2010 (Orleans), and Richardson et al. 2001 (Almena).

b. Dual-Doppler wind synthesis

To facilitate the analysis of data on a common grid for

dual-Doppler analysis, the radar data are aligned to an

earth-relative reference frame by overlapping the pat-

tern of ground clutter from several 0.58 elevation angle

sweeps with the positions of man-made structures (such

as towers, utility poles, and houses) as determined using

high-resolution aerial photographs. The accuracy of each

alignment is considered to be accurate within a 0.28–0.38

azimuth range (Marquis et al. 2008). Once the data are

TABLE 1. A summary of the times (UTC) of formation and de-

mise, the duration (min), and the peak strength (Fujita scale rating

or peak DVr in m s21) of sampled tornadoes taken from (top) the

NCDC storm reports and estimated from (bottom) the single-

Doppler DOW data for each of the four storms. For DOW ob-

servations, the threshold for determining a tornado’s existence is

DVr 5 40 m s21.

Case (NCDC) Formation Dissipation Duration F scale

Almena 0000 0047 47 F3

Crowell 2101 2101 ,1 F0

2120 2130 10 F0

2127 2134 7 F0

Argonia 0028 0030 2 F0

0030 0030 ,1 F0

Orleans 2304 2304 ,1 F0

Case (DOW) Formation Dissipation Duration DVr

Almena 0005–0015 0047 30–40 125

Crowell Before 2055 2116 $16 70

2110 2130 20 60

Argonia 0032 0035 3 50

Orleans #2255 2312 $17 105
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rotated to an earth-relative framework, the ground-clutter

signals are removed and aliased velocities are unfolded.

The edited DOW data are objectively analyzed to a

Cartesian grid using a two-pass Barnes objective anal-

ysis technique, which minimizes the oversmoothing of

well-resolved spatial scales (Majcen et al. 2008). The

Barnes smoothing parameter (Barnes 1964) k is set to

(1.33m)2, as recommended by Pauley and Wu (1990),

where m 5 fR is the observed data spacing, f is the

beamwidth of the DOWs (0.938), and R is the longest

distance between any radar and the farthest edge of the

desired portion of the dual-Doppler domain (20 km in

our cases), meeting recommendations by Trapp and

Doswell (2000). For all four cases, k 5 0.187 km2, ensuring

that similar spatial scales are retained across all dual-

Doppler analyses. The two-pass convergence parame-

ter, g 5 0.3, is chosen based on the results of sensitivity

tests performed by Majcen et al. (2008). The two-pass

Barnes response function (Fig. 2) indicates that about

70% of the amplitude of waves with spatial scales of

1 km are retained in the analyses, while spatial scales

slightly larger ($1.5 km) have a response of .90%.

From recommendations made by Koch et al. (1983),

the Cartesian grid spacing D has a value between m/3

and m/2 in order to represent the resolved wavelengths

while minimizing noise in spatial derivatives of the re-

sulting wind fields. For all dual-Doppler syntheses, D 5

150 m. Extrapolation of data to grid points outside the

radar coverage is prevented by requiring that each ob-

jectively analyzed data point be influenced by observa-

tions in all surrounding octants. During the objective

analysis, the horizontal positions of the data are adjusted

in order to correct for motion of the velocity pattern

over the time it takes to complete a full volumetric scan.

The data locations are adjusted to the central time of

each radar volume using a reference horizontal velocity

that is estimated by tracking the motion of each tornado

during the observation period. Although the motion of

the tornado can deviate from the that of neighboring

storm features, errors in the tilt are assumed to be fairly

small; based on the usual radar scanning strategy and

a typical difference in motion of the tornado and a gust

front or main updraft of 5 m s21 we estimate that the

near-surface horizontal position of a purely vertical

structure could be misaligned from its position at z 5

1 km by only about one horizontal grid spacing (tilt error

of Dx/Dz 5 0.15). The smoothing of features during the

objective analysis reduces the influence that such a mis-

alignment might have on our conclusions, and most of the

dual-Doppler analyses performed throughout this article

use data at individual levels or focus on the area very

close to a tornado.

The three-dimensional wind fields are synthesized

using an iterative upward integration of the anelastic

mass continuity equation (with w 5 0 m s21 at z 5 0 km)

that adjusts the u, y, and w fields until the change in the

resulting density-weighted w at the upper boundary of

each integration layer is less than 0.01 kg m2 s21 (e.g.,

Dowell and Shapiro 2003). A downward extrapolation of

wind data is necessary in order to apply the lower boundary

condition because the lowest radar elevation angle is 0.58,

resulting in a beam height, for example, of 130 m AGL at

15 km from a radar. This extrapolation is performed in the

synthesis step by setting the missing below-beam u and y

wind components equal to those at the lowest level at which

both radars collected data. For all dual-Doppler analyses

herein, the lowest level at which both radars provide data is

only one grid point above the ground; therefore, the nec-

essary extrapolation is minimal. Corrections for the

centrifuging (Dowell et al. 2005) and falling of debris and

hydrometeors are not performed owing to several factors:

attenuation along beams in the heavy precipitation, an

uncalibrated DOW reflectivity factor, and an unknown

scatterer type. The effect of hydrometeor fall speed on

radial velocity is assumed to be minor because of the

small antenna elevation angles used (,15.08). The effect

of particle centrifuging may also be minor for the resolved

scales of rotation (Marquis et al. 2008).

c. EnKF data assimilation

The reader is referred to Snyder and Zhang (2003) for

a comprehensive explanation of the EnKF technique as

it pertains to the assimilation of radar data at convective

scales. In this study, data assimilation is performed us-

ing the Data Assimilation Research Testbed software

FIG. 2. The two-pass Barnes response function corresponding

to objective analysis parameters used in our dual-Doppler wind

syntheses.
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(Anderson et al. 2009). The Advanced Research Weather

Research and Forecasting model (WRF-ARW; Skamarock

et al. 2005) is used to perform the numerical simulation

of each of the 50 ensemble members. EnKF analyses

presented throughout this article represent the ensem-

ble mean of the model fields immediately after obser-

vations are assimilated (posterior analyses).

In our experiments, an ‘‘ensemble adjustment filter’’

method is used to control the effects of an underestimated

analysis-error covariance associated with using an en-

semble of a finite size (Anderson 2001). Our localization

factor (Hamill et al. 2001) is a compactly supported fifth-

order piecewise rational correlation function from

Gaspari and Cohn (1999). This function is equal to 1.0 at

the location of an observation and decreases to a value of

0.0 at a distance of 6 km. Single-DOW radial velocities

are assimilated at 2-min intervals. DOW sweeps are in-

dividually objectively analyzed with Cressman weighting

on the original conical surfaces (Sun and Crook 2001;

Dowell et al. 2004) with a horizontal grid spacing and

radius of influence of 1 km. As in Dowell et al. (2004),

radar velocities are assumed to have an error variance

of (2 m s21)2. Data from only one DOW radar are as-

similated at a given time because of computational con-

straints, although coarse-resolution experiments in which

data were assimilated from both radars (when available)

yielded similar results because the additional radar either

had a similar viewing angle or smaller spatial data cov-

erage. A comparison of a dual-DOW wind synthesis and

EnKF analysis using only one radar is provided in the

appendix, and demonstrates that the methods produce

qualitatively similar results. Based on our early fea-

sibility experiments, which compared the EnKF solu-

tions to dual-Doppler syntheses, at least 30 continuous

minutes of DOW velocities collected throughout the

lowest 3–5 km of the mesocyclone and the rear- and

forward-flanks of the storm were necessary to produce

coherent updraft, downdraft, and reflectivity struc-

tures. Data meeting these criteria are available only in

the Almena and Argonia cases (Fig. 3). Approximately

50 continuous minutes of DOW3 data are assimilated in

the Argonia case. In the Almena case, the data assimi-

lation period is between 2320 and 0048 UTC, which in-

cludes a gap in radar data from 0004 to 0029 UTC

owing to DOW redeployment. This data gap results in

a presumably unrealistic evolution of the modeled storm

that is not corrected until several minutes after 0029

UTC, when enough data from the second deployment

have been assimilated. To prevent this unrealistic evo-

lution, ‘‘synthetic’’ DOW observations were created at 2-

min intervals between 0005 and 0029 UTC. These were

based on the 0029–0030 volume of DOW3 data that was

translated to appropriate locations for the earlier times

during the data gap using an average storm motion.

Though the resulting EnKF analyses may not be realistic

during the data gap period, the modeled storm structure

better resembles the observations at 0029 UTC than it

does if the synthetic data are not assimilated. Our con-

clusions are based on analyses after 0029 UTC. Both of

these storms were located at least 100 km from the

nearest Weather Surveillance Radar-1988 Doppler

(WSR-88D); therefore, the vertical spacing of the radar

FIG. 3. Timelines of the (a) Almena and (b) Argonia EnKF experiments, including the ex-

periment durations, the times of the assimilated DOW data, and the known lifetimes of the

tornadoes. The dashed line in (a) indicates the uncertainty of the tornadogenesis time, and the

gray line indicates the period of synthetic DOW2 data described in the text.
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sweeps in the vicinity of each storm was approximately

1–2 km. In early feasibility experiments assimilating

these data alone, updrafts initiated by warm bubble

perturbations placed near the surface did not persist,

indicating that the vertical density of WSR-88D data is

too small to affect the EnKF results. These data are not

assimilated for this reason.

Table 2 summarizes our implementation of the WRF

model. A stretched z coordinate was chosen for consis-

tency with the closer vertical spacing of the DOW data

in the lowest 3 km AGL compared to that aloft. The

data used to characterize the homogeneous environ-

ment varies by case. For example, the Argonia envi-

ronment is based on a proximity sounding launched at

Lamont, Oklahoma, located about 60 km south of the

storm, about 20 min prior to the beginning of radar data

collection. Unfortunately, no sounding was launched

in close proximity to the inflow of the Almena storm.

Instead, the base-state environment for that case is the

Rapid Update Cycle (RUC) operational forecast model

0000 UTC analysis (within 15 min of the DOW intercept

time of the tornado), at a model grid point within about

40 km of the DOW deployment location. The dew-

point profile was moistened between 600–350 mb so

that the environment would generate a more coherent

storm structure in an idealized model. Additionally, neu-

tral or superadiabatic layers in the temperature profile

for each sounding were made more stable until they had

Richardson numbers slightly greater than 0.25. This modi-

fication was performed to reduce spurious convection in

the simulations. Soundings for both of these cases are

shown in Fig. 4. In idealized simulations, updrafts initiated

by warm bubbles in these environments persisted longer

than in several other environments based on modifica-

tions of the same raw soundings, but failed to persist for

longer than 30–60 min. However, the storms were suc-

cessfully reproduced in these environments by assimilat-

ing DOW data.

In our experiments, there are two ways by which en-

semble members initially differ. First, 10 elliptically

shaped warm bubbles are randomly placed within a 25 3

25 3 2 km3 box that encompasses the volume occupied

by the storm at low levels near the beginning of radar

observations in order to initiate the convective updrafts.

Each bubble has a u perturbation of 4 K, and a radius of

10 km in the horizontal and 1.5 km in the vertical. The

placement of warm bubbles within the box is randomly

different for each ensemble member. Second, random

perturbations having a standard deviation of 2 m s21 are

added to the base-state hodographs within the lowest

11 km of the environment, thereby sustaining some en-

semble spread throughout each experiment (Aksoy et al.

2009). Ensemble spread is further maintained after the

initial time by Gaussian perturbations that are added to

the model u, y, u, and qy fields every 5 min at locations

where the DOW radar reflectivity factor is greater than

25 dBZe (Dowell and Wicker 2009). During this process,

perturbations are added to Td rather than qy to avoid

generating negative values of qy. Dewpoint temperature

is then converted back to qy. The perturbation fields are

smoothed to spatial scales of 4 km in the horizontal and

2 km in the vertical, and are added to the model fields

immediately before the updated ensemble is integrated

forward in time. The perturbations have a standard de-

viation of 1 K (for u and Td) and 1 m s21 (for u and y)

during the first 20 min of each experiment, and 0.5 K and

0.5 m s21 for the remainder.

3. Results

The first goal in our study of tornado maintenance

is to determine the relationship between the trends of

tornado intensity and the kinematic evolution of the

mesocyclone-scale circulation, the gust fronts, and the

rear-flank downdrafts.

a. Mesocyclone-scale circulation

Figures 5a–d shows the relative circulation (over a

circular area of expanding radius centered on the dual-

Doppler vorticity maximum) given by, G 5
Ð

A
z dA, and

the azimuthally averaged radial velocity (in cylindrical

coordinates with respect to the vertical vorticity maximum)

TABLE 2. Summary of WRF implementation. Values of the

Marshall–Palmer intercept parameters of graupel and rain (xg and

xr), and the density of graupel (rg), are the same as in Gilmore et al.

(2004).

Grid sizes

200 3 160 3 42 points or

100 3 80 3 20 km3

Stretched vertical grid 150 m (near ground) ,

Dz , 2 km (near top)

Time step 1 s

Open lateral boundaries 25 m s21 gravity wave speed

Turbulence closure 1.5-order

Lin et al. (1983) microphysics rg 5 900 kg m23,

xg 5 4 3 104 m24,

xr 5 8 3 106 m24

Rayleigh damping layer Damping coef 5 0.003;

15 km , z , 20 km

Positive definite advection Fifth-order horizontal;

third-order vertical

Sixth-order numerical

diffusion

Reduction factor 5 0.12

Other parameterizations Flat terrain

Homogeneous environment

No radiation

No PBL parameterization
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as a function of time at z 5 300 m AGL using the dual-

Doppler analyses available for each storm. The trend of

DVr for each tornado, as observed in low-level single-

Doppler radar sweeps, is shown in Figs. 5e–h. In general,

the peak vortex-relative tangential wind speed (DVr/2)

in each of the four tornadoes is maintained when mean

inward radial motion is present (with spatial scales .1 km,

as is retained in our objective analysis), particularly within

about a 1.5-km range of the dual-Doppler vorticity max-

imum, such that mesocyclone-scale or tornado-cyclone-

scale angular momentum is transported inward toward

the axis of rotation. Tornado intensity lessens when ra-

dial inflow weakens, decreasing the inward transport of

angular momentum. For example, DVr in the Almena

and Orleans tornadoes decreases at around 0042 and

2309 UTC, respectively, when mean inward radial ve-

locity weakens or switches to outward velocity. The

Argonia tornado develops during a period of weak in-

bound radial velocities at r , 1 km, but rapidly weakens

when radial velocities become outbound. In the Crowell

case, DVr decreases and radial velocities are outbound

at r , 1 km after approximately 2109 UTC, which cor-

responds to the period when a rear-flank downdraft

surge penetrates into the vortex core, presumably caus-

ing its widening and weakening of tangential velocities

(Marquis et al. 2008). It is difficult to isolate the response

of tornado intensity to changes in only mesocyclone

strength using these data because there are few times at

which mean radial velocity is steady.

Interestingly, the two tornadoes with the highest ob-

served wind speeds (Almena and Orleans) occur in the

storms with the weakest mean mesocyclone-scale cir-

culations at r . 1 km during the period of tornado ma-

turity; whereas, the weakest and shortest-lived tornado

(Argonia) occurs within the storm with the strongest

circulation at these radii. Because the maintenance of

the tornadoes appears to be closely tied to the ability of

the mean radial flow to transport angular momentum

inward toward the axis of rotation, it seems that simply

the presence of a strong mesocyclone-scale circulation is

not sufficient for the production or sustenance of strong

tornadoes. Markowski et al. (2011) reported values of

mesocyclone-scale circulation in a few nontornadic su-

percells similar to those in our most significantly torna-

dic storms. From this comparison, it appears that the

kinematic property most associated with the formation

and maintenance of strong and long-lived tornadoes is

a persistent convergence of circulation to small radii,

which was not present in their nontornadic storms. Low-

level convergence and updraft in the Argonia storm may

have been slightly more persistent than in the non-

tornadic storms, permitting the genesis of a weak and

FIG. 4. Skew T–logp diagrams of the homogeneous base states used in the (left) Almena and (right) Argonia EnKF data assimilation

experiments. Hodographs for each case are shown in the upper right of each. Heights AGL (km) are indicated on the hodographs. (left)

The unmodified RUC dewpoint profile (gray line) is shown.
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short-lived tornado by briefly stretching the larger-scale

vertical vorticity (Markowski et al. 2011).

b. Rear-flank downdrafts and gust fronts

The motion of each rear-flank gust front is examined

in order to determine if the location of outflow air relative

to the low-level circulation center plays a role in tornado

maintenance. Figure 6 shows the ground-relative loca-

tions of the primary rear-flank gust fronts (the boundary

between the environmental air and the outflow air), bands

of convergence within the outflow air resembling sec-

ondary rear-flank gust fronts (observed in the Crowell,

Argonia, and Orleans cases), and the tornadoes at sev-

eral times in each of the four storms. The gust fronts are

located by tracing the maximum in the horizontal velocity

gradient tensor magnitude (Stonitsch and Markowski

2007), computed at z 5 300 m in the Almena EnKF data

(Fig. 6a) and the dual-Doppler data for the other three

storms. (The dual-Doppler data are preferred for this

analysis because of their higher resolution; however, the

EnKF data are used in the Almena analysis because they

provide greater horizontal coverage in that case.) The

trends of the average horizontal convergence along the

rear-flank gust front that coincides with the convergence

immediately surrounding each tornado (measured by

following the maximum of horizontal convergence along

the wind shift) and the maximum value of horizontal di-

vergence near the ground surrounding the four tornadoes

are provided in Fig. 7. These calculations are performed

between a 1–3-km horizontal distance from the center of

each tornado, ensuring that we consider the magnitudes

of horizontal convergence or divergence near the tornado

that are not locally enhanced by its presence.

In the Almena storm (Fig. 6a), the intense tornado is

sustained near the occlusion point of the forward- and

rear-flank gust fronts, while the rear-flank gust front

maintains a classic bow shape. This strong and long-lived

tornado remains at least partially embedded within the

convergence along the gust front for at least 25 min.

After 0040 UTC, the configuration of the rear-flank gust

front deforms from a spiral shape to a nearly north–south-

oriented line with the weakening tornado located near

its northernmost tip. After this time, no clear evidence of

a forward-flank gust front exists within the observation

area. During this transformation, the magnitudes of

both the convergence along the gust front and the low-

level divergence behind the gust front decrease (Fig. 7a;

although, the convergence and divergence fields averaged

in this area have greater magnitudes and decrease much

more abruptly in the dual-Doppler syntheses than in the

EnKF analyses, possibly owing to differences in horizon-

tal resolution), suggesting a weakening of the rear-flank

downdraft near the tornado. Thus, the tornado does not

dissipate while embedded within a strengthening larger-

scale rear-flank downdraft.

In the Crowell and Orleans storms (Figs. 6b,d), the

primary rear-flank gust front leads each tornado by at least

4 km in the north and east directions in all dual-Doppler

analyses. The Crowell tornado is far separated from the

occlusion point between the forward- and rear-flank gust

FIG. 5. (a)–(d) Circulation (shaded) and azimuthally averaged radial velocity (contours; m s21) as a function of time and radius from the

axis of rotation, both measured at z 5 300 m AGL in the dual-Doppler analyses for each of the four cases. Dashed (negative) contours

in (a)–(d) indicate inbound radial velocities (relative to the center of rotation), solid (positive) contours indicate outbound velocities, and

0 m s21 is shown with a bold contour. (e)–(h) The DVr measured using unsmoothed single-Doppler data valid between z 5 100–200 m

AGL for each of the tornadoes.
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fronts. It is impossible to know the distance to the oc-

clusion point in the Orleans case because a forward-

flank gust front is not evident in the dual-Doppler data.

Neither tornado is embedded within the convergence

along the primary gust front. Instead, some of the con-

vergence near each tornado is coincident with conver-

gence along the secondary rear-flank gust front. A rapid

forward motion of the secondary rear-flank gust front

is associated with a strengthening of the convergence

along it and divergence behind it in the Crowell case

(Figs. 6b and 7b after 2108 UTC). Single-Doppler DVr is

decreasing at this time for the first tornado, owing to an

increase in diameter of the vortex resulting from the

apparent penetration of the secondary downdraft into

its core. The second tornado forms on the periphery of

the first tornado, embedded within the strong conver-

gence along the second rear-flank gust front (Marquis

et al. 2008). Wurman et al. (2010) analyze an increasing

separation of the secondary gust front and the Orleans

tornado in time owing to uncertainty in the connection

of the strong bands of convergence located a few kilo-

meters south of the tornado and one extending outward

from near the circulation center toward the northeast in

the available dual-Doppler data (thin solid lines after

2304 UTC in Fig. 6d). However, an alternative inter-

pretation exists for this case in which the tornado re-

mains embedded within the convergence swath along

the secondary rear-flank gust front as the downdraft

surge wraps around it. In the current study, we present

the latter interpretation, noting the consistency of the

motion of the low-level wind speed maximum associated

with the outflow surge with the band of convergence

spiraling outward from near the center of circulation.

Thus, in the Orleans case, a rapid forward surge of

the secondary rear-flank outflow starting at approxi-

mately 2304 UTC corresponds with enhanced low-level

FIG. 6. (a)–(d) Ground-relative positions of the primary gust fronts (heavy lines), possible

secondary gust fronts (thin lines), and tornadoes (circles) at z 5 300 m AGL at several times in

each of the four cases. The UTC time at which each tornado and gust front location is valid is

indicated. The values of unsmoothed single-Doppler DVr (m s21) for the tornadoes at each

time are labeled within the circles. Dashed lines indicate uncertainty in the position of the gust

fronts. The M in (c) denotes that the center of the mesocyclone circulation, and ‘‘PT’’ indicates

the presence of a pretornado single-Doppler velocity couplet (DVr , 40 m s21). The M in

(a) marks the location of a developing mesocyclone.
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convergence along the secondary gust front near the

center of circulation, and an increase in tornadic DVr

(Figs. 6d and 7d). In both the Crowell and Orleans cases,

we speculate that each tornado dissipates while em-

bedded within the larger-scale secondary rear-flank

downdraft, causing an outward transport of mesocyclone-

scale angular momentum at low levels. However, this

process cannot be confirmed owing to a lack of suffi-

cient dual-Doppler data during the last few minutes of

each tornado.

In the Argonia storm (Fig. 6c), the outflow air wraps

around the pretornadic and tornadic low-level circulation

quite rapidly, causing the tornado to become separated

from the occlusion point between the rear-flank and

forward-flank gust fronts by a distance of about 10 km

(distance along the gust front) in approximately 10 min.

Shortly before tornadogenesis, a local strengthening of

the rear-flank downdraft is found upstream of a second-

ary gust front located a few kilometers southwest of

the circulation center (thin lines in Fig. 6c). The band

of upward motion along the secondary gust front in this

case initially forms south of the tornado, with subsequent

northward development toward the occluded portion of

the primary rear-flank gust front, remaining several

kilometers away from the tornado. This evolution differs

from the Crowell and Orleans cases, in which cases, the

convergence along the secondary gust front is closer to

the tornado. The Argonia tornado eventually dissipates

while embedded within the larger-scale downdraft surge

behind the secondary gust front.

In summary, tornado maintenance appears to be in-

fluenced by a continued collocation of the circulation

center and mesocyclone-scale convergence, like that along

a rear-flank gust front. The evolution of the rear-flank

outflow in some of these storms suggests that tornadoes

can be maintained by possible secondary rear-flank gust

fronts while separated from the primary rear-flank gust

front. Tornado dissipation may occur once collocated

with a larger-scale downdraft located behind the pri-

mary, or if present, a secondary rear-flank gust front.

c. Tornado position relative to midlevel updraft

To determine if an area underneath the midlevel up-

draft is the ideal location of tornado maintenance in our

four storms, as was hypothesized in the McLean, Texas,

storm (DB02), we first determine the factors influencing

the motion of our tornadoes. Figure 8 shows the ground-

relative motion of the low-level dual-Doppler vertical

vorticity maximum containing each of the four torna-

does. Also contoured in Fig. 8 are the relative maxima of

FIG. 7. (a)–(d) Trends of the unsmoothed single-Doppler DVr of the tornadoes between z 5 100–200 m AGL

(black lines with dots), the maximum value of divergence at z 5 300 m AGL between a 1–3-km range of the vertical

vorticity maximum (black lines), and the average value of convergence along the gust front that contacts the resolved

circulation between a 1–3-km range of the tornado (gray lines) for each of the four cases. The solid black and gray

lines indicate measurements taken from the dual-Doppler syntheses in each case, and in (a),(c) the dashed black and

gray lines indicate measurements taken from the EnKF analyses.
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the horizontal advection (by the ground-relative wind),

vertical advection, stretching, and tilting terms in the

vertical vorticity equation within a 2-km horizontal dis-

tance of the peak vertical vorticity. Near the ground,

tilting and vertical advection are much weaker than the

horizontal advection and stretching terms. The relative

weakness of these two terms could be a partial result of

the dual-Doppler estimate of the vertical motion field,

which is affected by our assumed profile of horizontal

convergence below the radar horizon. At almost all

analysis times, the magnitude of horizontal advection is

larger than that of stretching, and the resolved vertical

vorticity maxima most closely follow the maxima in

horizontal advection. Similar observations are made at

z # 1.8 km using dual-Doppler data and at z , 3 km

using the EnKF analyses (not shown). This implies that

the tornadoes are steered by the winds in which they

are embedded, consistent with DB02. Changes in the

ground-relative wind field containing the low-level cir-

culation appear to be responsible for changes in the

motion of the tornadoes. For example, in the Crowell and

Argonia storms (Figs. 8b,c), sudden changes in the tornado

motion at 2108 and 0029 UTC (respectively) coincide with

a surge in the nearby secondary outflow. However, these

tornado motions deviate from the mean only temporarily,

returning to their previous directions after the secondary

outflow surge wraps around the center of rotation. The

Orleans tornado gains a southward component of motion

after approximately 2304 UTC, as it draws nearer to strong

northerly winds in the secondary outflow that are originally

located several kilometers to its west-northwest (see Fig. 9

in Wurman et al. 2010). In contrast to the Crowell and

Argonia cases, this deviation from the original motion

persists through tornado demise. The Almena tornado

maintains a steady strength and northeastward motion

from 0030 to 0043 UTC, but rapidly weakens after

0043 UTC, when it turns toward the northwest in the

direction of the low-level environmental inflow (Fig. 8a).

The location of the midlevel updraft is estimated in

the Almena and Argonia EnKF analyses. Figure 9 shows

FIG. 8. Peak vertical vorticity (black contours) and the positive maxima of the advection of vertical vorticity by

the ground-relative horizontal wind (blue contours) and stretching of vertical vorticity (red contours) within a 2-km

horizontal distance of the tornado at several times using the dual-Doppler analyses in the (a) Almena, (b) Crowell,

(c) Argonia, and (d) Orleans cases. The outermost contours of vertical vorticity are 0.08 s21, incremented by

0.003 s21. The outermost contours of terms in the vorticity tendency equation are 2 3 1024 s22, incremented by

4 3 1024 s22. Values of tilting and vertical advection are too small to appear in (a)–(d) based on the contour intervals

chosen. The time associated with each tornado position is labeled in UTC and the height AGL of each analysis is

indicated in the bottom-right corner of each. The tornado track is traced with a gray line in each.
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a sequence of the ground-relative locations of the near-

surface vertical vorticity maximum and the midlevel

updraft in these two cases. During the observed steady-

intensity portion of its life cycle, the Almena tornado is

located beneath the northwestern edge of the midlevel

updraft (Figs. 9a,b). A few minutes later, the rapidly

weakening tornado is located at least 3 km northwest of

the w 5 5 m s21 contour, indicating increasing hori-

zontal separation from the midlevel updraft during its

decay (Fig. 9c). This separation increases to about 8 km

at the time that the tornado is barely discernible on radar

(Fig. 9d). The tilt of the mesocyclone (illustrated with

gray dots in Figs. 9a–c) increases along a northwest–

southeast orientation up to tornado demise, consistent

with the shear associated with a strong southeasterly in-

flow at low levels. Contrary to the Almena case, the Ar-

gonia tornado remains underneath some portion of the

midlevel updraft throughout its entire life cycle (Figs.

FIG. 9. (a)–(h) Ensemble-mean vertical velocity at z 5 5 km AGL (gray dashed contours of w 5 5, 10, 15 m s21),

vertical vorticity at z 5 500 m AGL (thin black contours; outermost contour is 0.01 s21, incremented by 0.005 s21),

the position of the surface gust fronts (traced with bold gray lines), and the surface track of the tornado (thick black

line) at four times in the (left) Almena and (right) Argonia EnKF analyses. The centers of the mesocyclone con-

taining the tornado located at z 5 1.5, 3, and 5 km AGL are shown with gray dots. A description of the tendency of

the intensity of the tornadoes in each is provided on the right. The M in (b)–(d) indicates the location of a newly

developing surface mesocyclone. The black dashed line in (e)–(h) indicates the path of the remnant mesocyclone

after tornado dissipation.
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9e–h). Although, the tilt of the Argonia mesocyclone also

increases as it is weakening (Figs. 9e–g), consistent with

vertical shear associated with the strong northwesterly

outflow at low levels.

Wurman et al. (2010) speculate that the demise of the

Orleans tornado also coincided with a separation from

the main updraft. Though it cannot be confirmed with

the dual-Doppler data, an increasing southward compo-

nent of motion of the tornado associated with a colloca-

tion with the intense northerly winds in the secondary

outflow surge during the last few minutes of the tornado

life cycle (Fig. 8d) is consistent with this hypothesis.

Therefore, the Orleans tornado may have been displaced

from the midlevel updraft by surging rear-flank outflow

winds, rather than by decreasing rear-flank outflow winds,

as in the Almena case.

At the time of tornado demise in the Almena storm,

the inflow to the midlevel updraft rises from directly

beneath it, along a newly formed portion of the rear-

flank gust front near which a new mesocyclone develops

(Figs. 9b–d). Therefore, it appears that the area directly

beneath the updraft is a favorable location for the de-

velopment and maintenance of vertical vorticity at this

time for this case. It is likely that the Almena tornado

would not have dissipated if it had not become so dis-

placed from the midlevel updraft after 0042 UTC. In

contrast, at the time of tornado dissipation in the Ar-

gonia case, the midlevel updraft is fueled by ambient

inflow that rises along the slanted surface of the primary

rear-flank gust front that intersects the ground at least

5 km east of the mesocyclone (see rightmost streamline

in Fig. 10i), and it persists despite diminishing low-level

horizontal convergence directly beneath it. Therefore,

it appears that having a tornado located beneath the

midlevel updraft may not be a sufficient condition for

maintenance in all storms, particularly in those with a

slanted draft structure such that low-level convergence

immediately surrounding the tornado may not be well

correlated with updraft location aloft.

d. Outflow temperature

The EnKF analyses are used to provide estimates of

unobserved thermodynamic variables to assess the

relationship between changes in outflow temperature

and tornado intensity in the Almena and Argonia

cases. Figure 11 shows the evolution of the perturba-

tion ensemble-mean density potential temperature

(u9
r
; Emanuel 1994) averaged within a 2-km radius of

the vertical vorticity maximum between z 5 0 and

3 km AGL for both storms. In the Almena case, the

buoyancy of the air surrounding the tornado is slowly

increasing between 0026 and 0038 UTC (Fig. 11a) while

the tornado is maintaining a fairly steady peak wind speed

(Fig. 11b). The air composing the low-level circulation

begins to cool after 0038 UTC when the tornado rapidly

weakens and dissipates. Figures 10a–d show the evolu-

tion of the u9
r

and vertical motion fields in horizontal

planes at z 5 750 m AGL. From this sequence and from

Figs. 9a–b, we see that the low-level warming shown in

Fig. 11a occurs while the position of the tornado relative

to the midlevel updraft and the surface gust front is

constant. The cooling of the air surrounding the tornado

after 0040 UTC occurs as the tornado travels toward the

cold pool on the left flank of the storm. There does not

appear to be a clear correlation between low-level tem-

perature and DVr during the observation period prior

to 0040 UTC; the temperature increases while DVr is

relatively constant. It appears that the warming of the

outflow air may be symptomatic of a weakening rear-flank

downdraft, consistent with a decrease in the magnitude

of the peak divergence and an increase in the updraft-

relative wind (along with a shift in its direction toward

that of the low-level inflow) near the tornado (Fig. 11b),

which may have resulted in the separation of the tornado

from the midlevel updraft. Trends of the convective

available potential energy (CAPE), convective inhibi-

tion (CIN), and level of free convection (LFC) of parcels

near the tornado at z 5 250 m AGL, estimated by in-

serting the EnKF-estimated temperature and dewpoint

temperature values surrounding the center of low-level

circulation into the base-state sounding (Fig. 4a), are

shown in Figs. 12a–c. There is a gradual decrease of CAPE

(Fig. 12a) and rise in LFC (Fig. 12c) leading up to tornado

demise, although these changes are relatively small (only

about a 25% drop in CAPE and an 8%–10% rise in LFC).

There is also an increase in CIN leading up to and beyond

tornado demise, suggesting that the parcels surrounding

the tornado may have had a more difficult time reaching

their LFC. This may partly explain why the tornado is

not maintained after approximately 0045 UTC, despite

the substantial CAPE of nearby low-level parcels.

The average u9
r

of the air composing the low-level

circulation in the Argonia storm increases throughout

almost the entire life cycle of the tornado (Figs. 11c,d),

because the secondary surge of outflow, which develops

shortly before tornadogenesis, is warmer than the pre-

ceding pool of outflow (Figs. 10e–h). Relatively warm

secondary outflows have been observed in certain mo-

bile mesonet studies (e.g., the Dimmitt, Texas, storm in

Markowski et al. 2002; Finley and Lee 2008; Finley et al.

2010), although, a diagnosis of the cause of the increasing

buoyancy is not possible in those cases. Figure 10i shows

a vertical cross section through this secondary downdraft

(along the gray line in Fig. 10g), where a warm pocket of

air protrudes downward into the cold pool south of the

tornado. Increasing CAPE (Fig. 12a), decreasing CIN
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(Fig. 12b), and lowering LFC (Fig. 12c), all signals of

increasing convective potential from parcels surround-

ing the tornado at low levels, accompany the warming of

the air surrounding the tornado. Trajectory calculations

of an array of parcels passing through this warm pocket of

air at z 5 750 m AGL at 0034 UTC, shown in Figs. 13a–c,

demonstrate that many parcels descend within the rear-

flank downdraft from altitudes of at least 3.5 km AGL

(the trajectory lengths are limited by the duration of

the integration period). Figure 13d shows the temper-

ature and dewpoint temperature paths of these parcels

on a skew T–logp diagram (red lines) as they descend

FIG. 10. (a)–(i) Ensemble-mean u9
r

(shaded) and vertical velocity (w 5 2 m s21 is a thin solid black contour, w 5 22 m s21 is a thin

dashed black contour) at z 5 750 m AGL in the (a)–(d) Almena storm and in the (e)–(h) Argonia storm. Surface gust fronts are traced

with black lines. The location of the tornadoes are shown with green circles and the unsmoothed single-Doppler DVr at each time is listed

in the bottom right of (a)–(i). An M in (c),(d) indicate the location of a new mesocyclone. A vertical cross section of the same fields and

storm-relative wind (vectors) along the thick gray line in (g) is shown in (i). Vertical velocity values are 2, 6, and 10 m s21 (solid contours)

and 22, 26, and 210 m s21 (dashed contours). Gray arrows below the horizontal axis indicate where the primary gust front (right arrow)

and possible secondary gust front (left arrow) intersect the ground along the cross section. The location of the tornado near the vertical

cross section is indicated with a green T. Two airstreams flowing into the primary updraft are indicated with gray streamlines.
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within the rear-flank downdraft. An array of tempera-

ture and dewpoint profiles within the cool outflow at

0024 UTC, prior to the development of the warm sec-

ondary downdraft, also are shown in Fig. 13d (blue

lines). The descending parcels are negatively buoyant

a few kilometers above the ground, but become posi-

tively buoyant below 700–750 mb. This change in parcel

buoyancy is reminiscent of a heat burst, resulting in

relatively warm air as descending parcels overshoot their

equilibrium level (e.g., Johnson 1983). However, uncer-

tainties in the retrieval of pressure and diabatic heating

terms from the EnKF analyses preclude the determina-

tion of the relative magnitudes of forcing terms in the

vertical motion equation. Parcel trajectories within the

warm outflow at 0034 UTC show that positively buoyant

air originating in the secondary downdraft feeds a band

of ascent along the secondary gust front (leftmost stream-

line in Fig. 10i). However, as illustrated in Figs. 6c and

10f–h, this secondary gust front is located several kilo-

meters away from the tornado. Therefore, the parcels

immediately surrounding the tornado are descending even

though their CAPE (CIN) is increasing (decreasing).

The resulting outward transport of mesocyclone-scale

angular momentum near the ground likely prevents tor-

nado maintenance.

In summary, the EnKF-retrieved thermodynamic fields

from both cases indicate a warming of the rear-flank out-

flow closely preceding tornado demise, contrary to other

cases documented with mobile mesonets (e.g., storm A

in Markowski 2002; Finley et al. 2010). Significant values

of CAPE are present in parcels surrounding each tor-

nado, similar to the findings of Markowski et al. (2002)

and Grzych et al. (2007), who found that rear-flank

downdrafts generally contained more CAPE and less

CIN in tornadic storms than in nontornadic storms near

the time of tornadogenesis. Changes in these variables

indicate a complex evolution of the outflow properties

that may have affected tornado maintenance in our

storms. However, it should be reiterated that in situ

thermodynamic observations are not available in these

cases to verify the EnKF results, which are partly influ-

enced by microphysics parameterizations. The effect of

assimilating radar data on outflow temperatures is not

easily assessed in these cases because a long-lived storm

is not produced in idealized simulations without data

assimilation.

e. Three-dimensional vorticity structure

We examine the structure of three-dimensional vortex

lines surrounding our mature tornadoes to assess the

FIG. 11. (a),(c) Ensemble-mean u9
r

averaged within a 2-km horizontal radius of the vertical vorticity maximum as

a function of time and height between z 5 0 and 3 km AGL. The contour interval is 1 K. (b),(d) The time tendencies

of the unsmoothed single-Doppler DVr for the tornadoes (black lines with dots), the maximum magnitude of the

horizontal divergence at z 5 500 m AGL within a 2-km radius of the vertical vorticity maximum (black lines), and the

magnitude of the horizontal updraft-relative wind averaged within a 2-km radius of the vertical vorticity maximum of

the Almena storm [gray line in (b)].
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role of the Straka et al. (2007) generation and tilting

mechanism in tornado maintenance. Figure 14 shows

one example from the Crowell case. Vortex lines passing

through the areas of strong vertical vorticity close to the

tornado are nearly upright within the dual-Doppler do-

main that ends at approximately z 5 2 km AGL; there-

fore, these lines are not instructive regarding how the

vortex connects to other features in the storm. However,

when projected into a horizontal plane, several other

three-dimensional vortex lines parallel the primary and

the secondary rear-flank gust fronts. The vertically ori-

ented portions of the vortex lines passing through the

horizontal gradient of updraft along the occluded por-

tion of the primary rear-flank gust front west-northwest

of the tornado (e.g., orange lines passing through x 5

0 km, y 5 1.5 km in Fig. 14) appear to be separated from

the tornado by a horizontal distance of at least 3 km.

Trajectory calculations performed in this area show that

parcels located at radii greater than about 3 km from the

tornado orbit the low-level circulation at a constant ra-

dius or diverge outward from it (Marquis et al. 2008),

suggesting that vertical vorticity produced along the

primary gust front does not approach the tornado. Vor-

tex lines near the secondary gust front pass through the

area of positive vertical vorticity east-northeast of the

tornado at z 5 400 m AGL (red and blue lines in Fig. 14),

many within a 2-km horizontal distance of the vor-

ticity maximum. Trajectories calculated in this area

show many parcels orbiting the low-level circulation at

a nearly constant radius from its center (Marquis et al.

2008), suggesting that vertical vorticity generated along

the secondary gust front remains near the tornado. The

dual-Doppler analyses used in these calculations do not

capture strong convergence that may exist near the

ground in the vicinity of the tornado; therefore, it is

possible that some of these parcel trajectories may be

drawn into the tornado. These observations suggest

that the secondary gust front may represent the leading

edge of vortex lines generated and tilted in the descend-

ing air of the outflow surges, similar to the Straka et al.

(2007) mechanism.

The orientation of the vortex lines along the second-

ary gust front is consistent with a secondary outflow

surge that is colder than the preceding outflow. In the

idealized simulations by Markowski et al. (2003), cold

downdrafts inhibited the penetration of high angular

momentum air to a small radius at low levels. Although

the axisymmetry of the Markowski et al. simulations

precludes tilting of baroclinically generated horizontal

vorticity, their results might still be applicable to three-

dimensional flows in the following way: horizontal vortic-

ity that is baroclinically generated in a three-dimensional

flow and subsequently reoriented into vertical vorticity

FIG. 12. The evolution of mean EnKF-estimated (a) CAPE,

(b) CIN, and (c) LFC of 16 parcels encircling the Almena (black)

and Argonia (gray) tornadoes at a distance of 2 km at z 5 250 m

AGL. CAPE, CIN, and LFC are estimated by inserting the tem-

perature and mixing ratio data into the base-state sounding. (d)

The trends in single-Doppler-measured DVr for the tornadoes

at the times corresponding to the CAPE, CIN, and LFC values.

Times shown are minutes relative to the estimated time of tornado

demise (t 5 0 min).
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by tilting might only be able to be intensified to tornado

strength by stretching if the parcels are not too nega-

tively buoyant.

The tilting and concentration of vertical vortex lines

near a mature tornado associated with a cold secondary

downdraft could imply two scenarios that are occurring

in the storm: 1) parcels in the new cold outflow surge are

not so negatively buoyant that they cannot be lifted,

similar to those in the preceding outflow air in the pre-

tornado stage of the storm; or 2) strong horizontal con-

vergence in the corner flow region of the mature tornado

may be sufficient to contract the colder outflow and lift

parcels to their levels of free convection (if they exist).

Therefore, the present case suggests that relatively cold

rear-flank outflow surges (relative to previous outflow

surges) may assist with tornado maintenance through the

injection of favorably oriented vortex lines despite the

fact that more negatively buoyant air may be entering

the tornado. Though, perhaps the final outcome depends

on the relative importance of the two effects. In the

Crowell case, the eventual surge of the secondary down-

draft around the low-level circulation center implies that

the temperature of the outflow air may have further de-

creased such that it could not be lifted near the relatively

weak tornado or it was assisted by dynamically induced

downward pressure gradient forces.

4. Discussion and conclusions

A combination of high-resolution dual-Doppler wind

syntheses and ensemble Kalman filter analyses produced

with Doppler-on-Wheels data was examined in order

FIG. 13. (a)–(c) Ensemble-mean u9
r

(shaded) and vertical motion (black contours; solid

contours are w 5 4 and 12 m s21 dashed contours are w 5 24 and 212 m s21) at (a),(c) z 5

3 km AGL and (b) z 5 750 m AGL, and vertical vorticity (gray contours; outermost is

0.015 s21, incremented by 0.01 s21) at z 5 750 m AGL in the Argonia case. Surface gust fronts

are traced with thick black lines in each panel. The horizontal ground-relative positions of

parcels that pass through the warm secondary downdraft at z 5 750 m AGL at (b) 0034 UTC,

are shown with green dots in each. (d) Skew T–logp diagrams of vertical thermodynamic

profiles collected at several model grid points in the outflow air southwest of the tornadogenesis

site at 0024 UTC (blue lines) before the development of the secondary downdraft and the

thermodynamic profiles along the parcel paths traversing the warm secondary downdraft be-

tween 0020 and 0034 UTC (red lines).
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to determine how changes in storm structure influence

the maintenance of tornadoes in four supercell storms.

Figure 15 compares the evolution of the prominent

storm-scale and mesocyclone-scale features on the rear-

flank of the storm throughout the mature and decaying

stages of the tornadoes in each of these cases to a

conceptual model summarized in Lemon and Doswell

(1979).

The strongest and presumably longest-lived tornado

(Almena case; Fig. 15a) was at least partially embedded

within the convergence along the primary rear-flank

gust front (i.e., the boundary between the cool outflow

and the ambient environment) for a considerable time.

The tornado began to weaken shortly after the magni-

tude of the rear-flank downdraft decreased, rear-flank

outflow temperatures increased, and the updraft-relative

FIG. 14. (a) Dual-Doppler vertical vorticity (shaded) and vertical motion (contours; outermost contour is 1 m s21,

incremented by 4 m s21) at z 5 400 m AGL valid at 2113:43 UTC for the Crowell case. The gust fronts are traced

using thick black lines. (b),(c) A projection of the vortex lines into the x–z and y–z planes. A T marks the location of

the tornado in the horizontal plane. Purple and orange (red, green, and blue) dots indicate where vortex lines of those

colors intersect areas of negative (positive) vertical vorticity at z 5 400 m. The arrowheads indicate the orientation of

several vortex lines. (d) A three-dimensional summary of the orientation of several vortex lines.
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FIG. 15. A schematic illustration of the evolution of storm-scale features located on the rear-flank of the storm

during tornado maturity (t1 2 t2) and at the time of demise (t3) in (a) the Almena storm, (b) the Argonia storm, and

(c) the Crowell and Orleans storms. (d) A conceptual model of a supercell that does not include a secondary rear-flank

downdraft and secondary gust front (adapted from Lemon and Doswell 1979). In (a)–(d), t2 represents a time im-

mediately before a rapid decline in tornado intensity. A T marks the location of the tornado at t1 2 t2, an X marks the

location of tornado demise at t3, and an M marks the location of mesocyclogenesis in the Almena storm at t3. Black

lines indicate the presence of kinematic gust front boundaries, gray shades indicate varying magnitudes of low-level

divergence associated with the rear-flank downdraft, and gray contours indicate radar reflectivity. Fine dashed lines

indicate that the feature continues beyond the area shown in (a)–(d). Long dashed lines indicate uncertainty in the

location of the feature.
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winds surrounding the low-level circulation became

prominently oriented in the direction of the low-level

environmental inflow. Tornado intensity diminished when

it became horizontally displaced from the midlevel

updraft by several kilometers to the northwest, where

nearby low-level convergence diminished and EnKF-

estimated CIN was greater than for parcels surrounding

the mature tornado.

The weakest and shortest-lived tornado (Argonia case;

Fig. 15b) resided near the convergence along the pri-

mary rear-flank gust front for only a few minutes. Thus,

the tornado dissipated when the larger-scale conver-

gence immediately surrounding it diminished and it be-

came collocated with a larger-scale downdraft behind

a secondary rear-flank gust front, which precluded any

further stretching of positive vertical vorticity near the

ground. A warm secondary surge of outflow, resembling

a heat burst, did not directly aid tornado maintenance

because the positively buoyant outflow air did not as-

cend within the tornado.

A secondary rear-flank downdraft surge and gust front

were observed in both the Orleans and Crowell cases

(Fig. 15c). The tornadoes in these two cases were main-

tained while influenced by the low-level convergence

present along secondary rear-flank gust fronts rather than

along the primary rear-flank gust fronts, as in the Argonia

and Almena cases and in many conceptual models.

Vortex line arches present in the dual-Doppler data

from the Crowell case suggest that the secondary

rear-flank outflow was colder than the outflow air that it

replaced, and that the secondary gust front tilted baro-

clinically generated horizontal vorticity near the tornado,

possibly assisting its maintenance. A schematic diagram

of this scenario is shown in Fig. 16. We speculate that the

Crowell and Orleans tornadoes decayed as the low-level

mesocyclone-scale convergence surrounding them was

replaced with divergence from the secondary down-

draft surge.

A comparison of these analyses yields the following

conclusions about tornado maintenance for our four

supercells:

1) Changes in the magnitude of the rear-flank down-

draft preceded a disruption of tornado maintenance,

but these changes varied. In three cases, we hypoth-

esize that tornado decay occurred when each tornado

became embedded within strong rear-flank downdraft.

In the Almena case, however, tornado decay was

preceded by a weakening of the rear-flank outflow

winds.

2) Each of the tornadoes were maintained while at least

partially embedded within or located near the con-

vergence along rear-flank gust fronts, assisting the

inward transport of the low-level mesocyclone circu-

lation. Tornado maintenance is disrupted by a decrease

of low-level convergence, and, therefore, a decrease

of the inward transport of larger-scale angular mo-

mentum. Tornado intensity and duration appear to be

governed more by the ability of a storm to transport

angular momentum inward toward the axis of rotation

rather than by the strength of the mesocyclone.

However, if the mesocyclone is disrupted completely,

tornado duration may be limited.

3) Convergence and modification of vorticity along

secondary rear-flank gust fronts may help maintain

tornadoes that are unconnected to primary rear-flank

gust fronts. The wrapping of the secondary outflow

completely around the tornado likely contributes to

tornado decay, similar to the behavior of the primary

rear-flank outflow in previous conceptual models of

tornadic supercells.

4) A tornado being located directly underneath the

midlevel updraft may not be a sufficient condition

for maintenance, particularly if low-level conver-

gence surrounding the tornado weakens while the

updraft persists. In the cases in which it is believed

that the tornado dissipated because of a separation

from the main updraft (Almena and Orleans), one

was displaced by strong inflow winds and the other

by horizontal winds in a rear-flank downdraft surge.

5) The EnKF-estimated thermodynamic data in the

Almena and Argonia cases suggest that warming

rear-flank outflow air may not have directly aided

in tornado maintenance. In both cases, the warming

appeared to be a product of processes that adversely

affected tornado maintenance (a weakening rear-flank

downdraft in the Almena case, and a possible heat

burst in the Argonia case).

6) Although the presence of cold outflow air may hinder

horizontal convergence and associated stretching of

FIG. 16. Schematic illustration of vortex line arches associated

with multiple rear-flank outflow surges of decreasing near-surface

ur relative to the environment (shaded). Primary and secondary

gust fronts are indicated with thin black lines and the vortex lines

are shown with rings and arrow heads to indicate their orientation.

The dashed vortex line indicates a vortex arch along the secondary

gust front that is speculated to pass through the tornado, but may

not have been observable in our data.
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vertical vorticity at low levels necessary to initially

form intense or long-lived tornadoes (Markowski

et al. 2003), the generation of new surges of relatively

cold outflow air after tornadogenesis may have as-

sisted with tornado maintenance by baroclinically

generating and then tilting horizontal vorticity in the

secondary outflow. We speculate that strong vertical

motions arising from the interaction of the tornado

with the ground (or other dynamic-perturbation pres-

sure gradient forces associated with mesocyclone-scale

processes occurring after tornadogenesis) could be

sufficient to lift much colder secondary outflow parcels.

Though this work has compared certain attributes

of four supercell storms, a more complete understand-

ing of tornado maintenance cannot be attained until

a larger sample of cases is examined. Future studies

should examine high-resolution kinematic and thermo-

dynamic data collected in many other storms, such as

those collected in the Second Verification of the Origins

of Rotation in Tornadoes Experiment (VORTEX2) field

project, in order to test the hypotheses of tornado

maintenance presented in this study. Additionally,

future work should attempt to diagnose the cause

of multiple rear-flank downdraft surges in supercell

FIG. A1. (top) Vertical velocity (shaded), vertical vorticity (contoured; outermost contour is 0.02 s21, incremented

by 0.01 s21), and ground-relative horizontal wind (vectors). (bottom) Horizontal convergence (shaded), vertical

vorticity (contoured), and ground-relative horizontal wind (vectors), at 0028 UTC and z 5 0.25 km AGL in the

Argonia case produced using (left) dual-Doppler analysis and (right) EnKF analysis.
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storms, which could not be diagnosed in some of our cases

owing to the limited amount of radar data available. A

knowledge of these topics will likely increase the skill of

forecasts and nowcasts of tornado longevity.

Acknowledgments. This project was funded by NSF

Grants ATM-0437512, ATM-0437505, and ATM-0437898.

The data assimilation experiments were conducted on

NCAR CISL supercomputing facilities using the NCAR

Data Assimilation Research Testbed and WRF-ARW

software packages. We thank the writers and support

staff of these facilities, particularly Nancy Collins, Jeff

Anderson, and Chris Snyder. Curtis Alexander, Karen

Kosiba, Mario Majcen, Nettie Arnott, and Paul Robinson

provided useful analysis scripts and data support that made

this work possible. We would also like to thank the writers

of the SOLOII and Vis5d routines. We also thank Hans

Verlinde, Diane Henderson, and three anonymous

reviewers for suggestions on a previous version of this

manuscript, and the following individuals for advice and

analysis opinions during this research: Glen Romine,

Altug Aksoy, Bruce Lee, Cathy Finley, Lou Wicker,

Dan Dawson, Jeff Frame, Kent Knopfmeier, and

Brian Monahan. Finally, we thank the ROTATE crew for

collecting the data analyzed in this article.

APPENDIX

Comparison of Dual-Doppler and EnKF Analyses

Figure A1 compares certain kinematic fields retrieved

by dual-Doppler wind synthesis at 0028 UTC and z 5

0.25 km in the Argonia storm to the same fields produced

in the EnKF analysis. To facilitate a more accurate

comparison of spatial scales resolved in the data as-

similation experiments, the dual-Doppler synthesis in

Fig. A1 is produced using DOW velocities that are

objectively analyzed using a Cressman weighting with

a cutoff radius of 1.0 km (like that used to objectively

analyze the assimilated data) and a Cartesian grid spac-

ing of 500 m (same as the model grid spacing). There-

fore, the dual-Doppler analysis is coarser than the other

dual-Doppler analyses used throughout the study. The

analysis shown represents one of the largest volumes of

dual-Doppler data available in this case and corresponds

to a time when tornadogenesis is imminent.

Despite some subtle differences between the mag-

nitudes of vertical motion in this particular example,

there is strong qualitative agreement between the dual-

Doppler and EnKF u, y, and w fields; both contain well-

defined bands of ascent along the gust fronts and

downdraft on the rear flank west and south of the vorticity

maximum with strong northwesterly outflow winds.

Both methods retrieve a similar peak magnitude of

vertical vorticity, although the EnKF analysis produces

a more elongated vorticity maximum. The pattern of

the horizontal convergence fields also is qualitatively

similar, but magnitudes of dual-Doppler convergence–

divergence are a bit smaller than EnKF values. These

differences appear to result in a more coherent band of

low-level convergence along the secondary gust front

(5–7 km southwest of the vorticity maximum), which is

developing at this time. It is not clear which of these

two wind retrieval methods produces a more accurate

solution because both contain errors in their calcula-

tions. For example, the missing DOW observations near

the surface affect the magnitude of the w field produced

in the dual-Doppler solution, and an oversimplified rep-

resentation of PBL and surface processes because of a

lack of their parameterization introduces uncertainty in

the near-surface wind analyses. It is possible that dif-

ferences in these two solutions may be within the range

of expected variability due to the possible sources of

error that are inherent in each method. The qualitative

similarities between the EnKF kinematic fields and the

dual-Doppler syntheses of similar resolution suggest that

the data assimilation results may capture storm-scale

processes with sufficient accuracy for the analysis of tor-

nado maintenance.
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