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ABSTRACT

A ground-based velocity track display (GBVTD) analysis of the LaGrange, Wyoming, tornado on 5 June

2009 during the Second Verification of the Origins of Rotation in Tornadoes Experiment (VORTEX2) is

photogrammetrically combined with a series of pictures of the funnel cloud. This analysis reveals the re-

lationship between the vertical velocity, radial and tangential velocities, perturbation pressure, vertical

vorticity, and angular momentum with the visual features of the tornado. An intense axial downdraft was

evident and was supported by a downward-directed perturbation pressure gradient. The radial inflow at low

levels was weak and difficult to retrieve owing to a combination of centrifuging of hydrometeors/debris in the

intense circulation and the inability of the radar beam to fully resolve the flow. The tornado was weakening

during the analysis period, which was supported by angular momentum being advected out of the tornado.

The availability of a dual-Doppler wind synthesis for this tornadic event provided a unique opportunity to

assess the assumptions in the GBVTD methodology. The analysis suggests that the simplified GBVTD

equations that have been applied in past studies of tornadoes are not appropriate in the present case. Themost

accurate retrieval of the radial velocities requires that a higher-order term that is typically neglected be

retained. A quantitative assessment of the impact of centrifuging of hydrometeors on the synthesized wind

field was attempted. The results suggest that the radial and vertical velocity profile near and within the tor-

nado core can be significantly altered for tornadoes (EF2) that are accompanied by a small radius ofmaximum

wind and relatively weaker low-level inflow.

1. Introduction

Radar has been one of the most important observa-

tional platforms used in studying tornadoes and tornadic

storms. The hook echo, mesocyclone, and tornadic-vortex

signature (TVS) are common radar signatures noted in

many past studies and have increased our understanding

of these strong circulations (e.g., Stout and Huff 1953;

Brown et al. 1978; Zrnic and Istok 1980; Forbes 1981;

Burgess et al. 2002). The introduction ofmobileDoppler

radars (X and W band) has allowed researchers to col-

lect high-resolution reflectivity and velocity data of these

features with unprecedented detail (e.g., Bluestein et al.

1993, 1997, 2004, 2007a,b; Wurman et al. 1996; Wurman

and Gill 2000; Alexander and Wurman 2005; Wurman

et al. 2007a). In recent years, researchers have been adept

at strategically deploying two or moremobile radars near

the hook echo in order to collect dual-Doppler data of

tornadoes and the surrounding wind field (e.g., Wurman

et al. 2007a,b, 2010a;Marquis et al. 2008). The radars are

typically deployed 7–10 km from the tornadoes resulting

in data interpolation onto a Cartesian grid of O[100 m].
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The data spacing is appropriate for divergence and vor-

ticity analyses of the kinematic fields within the low-level

mesocyclone (e.g., Wurman et al. 2007a, 2010a; Marquis

et al. 2008) but is still insufficient to fully resolve the ac-

tual tornado circulation unless it is 1 km or larger (e.g.,

Carbone et al. 1985). Indeed,Wurman et al. (2007a) have

suggested that successes in deployingmultiple radars with

short baselines required for resolving tornadic vortices in

a dual-Doppler wind synthesis may be so infrequent as to

be unfeasible.

The limit imposed by the minimum resolvable scale in

a dual-Doppler wind synthesis has led to an exploration

of alternative methods that could effectively utilize the

finescale, single-Doppler velocity data to reconstruct the

three-dimensional wind field associated with the tornado.

One of the techniques that appears to hold the most

promise is the ground-based velocity track display tech-

nique (GBVTD; Lee et al. 1999), originally developed

to retrieve the wind fields within tropical cyclones us-

ing single-Doppler data. The GBVTD technique takes

advantage of the near-circular nature of the vortex and

deduces the wind field of the circulation using a decom-

position similar to the velocity azimuth display (VAD)

technique (Browning and Wexler 1968). Simplified ver-

sions of the GBVTD methodology have been proposed

byDowell et al. (2005) and Rasmussen and Straka (2007)

and applied by Kosiba et al. (2008) in the study of tor-

nadoes. The GBVTD technique has been used to re-

solve the two-dimensional (Bluestein et al. 2003, 2007a;

Tanamachi et al. 2007) and three-dimensional (Lee and

Wurman 2005; Kosiba and Wurman 2010) wind field of

a tornado circulation. The kinematic structure of the cir-

culation presented in the latter two studies have produced

datasets that are approaching the detailed wind fields

revealed in recent large eddy simulations of tornadoes

(e.g., Lewellen et al. 2000; Lewellen andLewellen 2007a,b).

Missing from these past analyses is a comparison be-

tween the wind fields reconstructed from dual-Doppler

andGBVTD techniques for the same tornadic event. This

comparison would help assess the validity of the GBVTD

assumptions used in deriving the wind field.

It is common for a tornado’s life cycle to be well

documented with both video and still photography (e.g.,

Bluestein 1999). A careful analysis of photographs taken

of the tornado at the same time as radar data collection,

however, has been relatively rare (Bluestein et al. 1993,

1997, 2004, 2007a,b; Tanamachi et al. 2007, Wakimoto

et al. 2003). Photogrammetric analysis has been used to

obtain information about the visual characteristics of the

tornado (e.g., width of the condensation funnel) that

cannot be determined with microwave radars that are

insensitive to small cloud drops. Wurman et al. (2007b),

Kosiba et al. (2008), Marquis et al. (2008), and Kosiba

and Wurman (2010) present high-resolution Doppler ra-

dar analyses but there was no documentation of the vi-

sual features of the tornadoes. Photographs of the tornado

are shown inWurman andGill (2000) andWurman et al.

(2007a, 2010a) but no quantitative information of the

visual features were discussed. Rasmussen and Straka

(2007) superimposed interpolated radar reflectivity onto

tornado photos at three separate times. Interpolated radar

reflectivity and single-Doppler velocity data were placed

on top of a picture of an intense tornado by Dowell et al.

(2005) but only for a single time. Wakimoto et al. (2003)

combined analysis of radar reflectivity, dual-Doppler

wind syntheses, vertical velocity and vorticity, and per-

turbation pressure onto a tornado photograph but at

coarse resolution. Wakimoto and Martner (1992) pro-

vided a photogrammetric and Doppler radar analysis of

the entire life cycle of a Colorado tornado; however, it

was associated with a nonsupercell storm (i.e., the tor-

nado was not associated with a mesocyclone).

A fundamental assumption of kinematic analyses us-

ingDoppler velocity data is that the scatterers aremoving

with the horizontal wind field. However, hydrometeors/

debris within an intense tornadic circulation can under-

go centrifuging (e.g., Snow 1984;Wurman andGill 2000;

Dowell et al. 2005). Centrifuging produces a positive

bias in the radial velocity calculations leading to, among

other effects, an underestimate of the radial inflow into

the tornado at low levels. Even though this contamina-

tion of the Doppler velocity field is well known, to date

there has been no attempt to quantitatively assess the

impact of this centrifuging on retrieved wind fields.

An opportunity to address the issues described in the

preceding paragraphs was possible during a major field

campaign deployed in theMidwest. A tornado developed

west of LaGrange, Wyoming, on 5 June 2009 during the

Second Verification of the Origins of Rotation in Tor-

nadoesExperiment (VORTEX2).VORTEX2was amulti-

agency field project that operated during the springs of

2009/10 and was focused on collecting high-resolution

data on tornadoes and tornadic storms (Wurman et al.

2010b). A novel aspect of this experiment was the large

number of mobile observational platforms and no single

home base for operations during the entire field cam-

paign. Several radars collected data on the LaGrange

tornado while the visual evolution of the funnel was cap-

tured by a series of photographs and high-definition video.

The primary dataset used in the study was collected by

the Doppler-on-Wheels (DOWs; Wurman et al. 1997;

Wurman 2001). In an earlier study, single-Doppler radar

data were combined with these photographs in an at-

tempt to relate the hook echo and rotational couplet to

the visual characteristics of the tornado (Wakimoto et al.

2011). The three-dimensional kinematic field based on
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a dual-Doppler wind synthesis was merged with the

photographs in a subsequent analysis (Atkins et al. 2012).

The purpose of this merger was to document the rela-

tionship between the profiles of vertical vorticity, circu-

lation, and angular momentum with the tornado and the

wall cloud.

The present study is the first time that a tornadic cir-

culation that is resolved by the GBVTD analysis has

been superimposed onto a series of photographs of the

funnel. In addition, dual-Doppler wind syntheses were

available for this event. The latter kinematic analyses

are detailed but are still unable to resolve the tornado

wind field. The existence of both wind fields, however,

provides a unique opportunity to assess the assumptions

in the GBVTD methodology and also provide guidance

for future mobile radar deployments around supercell

storms. The DOW radars and cloud photogrammetry are

presented in section 2. Section 3 discusses the GBVTD

technique. A description of the deployment of the radars

and an overview of the hook echo is shown in section 4.

Section 5 presents the GBVTD analysis of the LaGrange

tornado and section 6 provides an assessment of the

centrifuging of hydrometeors in introducing a positive

bias in the radial velocity estimate. A summary and dis-

cussion are presented in section 7.

2. DOW radars and cloud photogrammetry

The radar data collected by the DOWs (DOW6 and

DOW7) are used in this study. The 3-cm wavelength ra-

dars are mounted on trucks and have been used exten-

sively to collect data near tornadoes. The DOWs peak

transmitted power is 250 kW. The radars scanned at

508 s21, employed 250-ns pulses at 4000-Hz pulse repe-

tition frequency, and sampled returned signals to retrieve

60-m gate spacing. The radar half-power beamwidth is

0.938. The radar reflectivity and Doppler velocity values

forDOW7were calibrated towithin62 dBZ and 1 m s21,

respectively. The dual-Doppler coordinated volume scans

occurred every 2 min and the elevation scans (0.58, 18, 28,
38, 48, 58, 68, 88, 108, 128, 148, and 168) collected detailed

data on the structure of the tornado. The DOW6 and

DOW7 reflectivity and Doppler velocity data were nav-

igated using ground clutter targets. The data were also

edited and dealiased using the SOLO software (Oye et al.

1995). For more information about the DOWs, the in-

terested reader is referred to Wurman et al. (1997) and

Wurman (2001).

Quantitative information can be derived from pic-

tures of a tornado using photogrammetric analysis (e.g.,

Malkus 1952;Rasmussen et al. 2003; Zehnder et al. 2007).

The first step in photogrammetry is determining the lo-

cation of the camera and the azimuth angles of several

targets identified in the horizon shown in the picture.

The effective focal length and the tilt angle of the camera

can subsequently be determined using spherical trigo-

nometry. These parameters are then used to construct

an elevation- and azimuth-angle grid that can be super-

imposed on top of the photograph. The calculated azi-

muth angles were compared with known targets identified

in the picture to assess the accuracy of the grid. This

analysis suggests that errors range between 0.18 and 0.28.
An overview of photogrammetry can be found inAbrams

(1952) and Holle (1986). Additional details of the tech-

nique used to analyze the photos shown in this paper are

presented in Wakimoto et al. (2011).

3. GBVTD technique

The full formulation of the GBVTDmethodology can

be found in Lee et al. (1999). The GBVTD technique

assumes that the circulation is characterized by a quasi-

axisymmetric structure. The data are adjusted to a com-

mon time using an advection correction based on the

mesocyclone motion (12 m s21 from 2758). The tornado
motion is subtracted from the radial wind fields. The

radial velocity data are interpolated onto a Cartesian

grid using a bilinear interpolation algorithm. A series of

analysis rings at different radii are created and centered

on the circulation. The center of the circulation is ob-

jectively located using a methodology outlined in Lee

andMarks (2000) for each level. A least squares fit up to

angular wavenumber 3 of the radial velocity data at each

radius is then applied. Higher-order wavenumber arti-

facts that might be created by the bilinear interpolation

would be filtered during this step.

Using the Fourier decomposition, Lee et al. (1999)

illustrate how the axisymmetric tangential and radial

winds result in a simple sine curve with a phase shift.

Actual circulations are asymmetric and are composed

of a mean flow and waves of all forms. The asymmetry

results in a complex waveform that can be decomposed

into Fourier components. The Fourier coefficients of the

vortex circulation, however, cannot be uniquely derived

since the equation is underdetermined. VRCn and VTCn

(VRSn and VTSn) are defined as the amplitude of the

cosine (sine) components of the tangential velocity (VT)

and radial velocity (VR), respectively, for angular wave-

number n (hereafter, angular wavenumber is referred to

as wavenumber). Lee et al. (1999) have shown that VTC0

and VRC0 can be represented by the following equations:

VTC052B12B32VM sin(uT 2 uM) sinamax1VRS2 ,

(1)

VRC05A11A32VRC2 , (2)
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where VM represents the mean flow; andA1,A3, B1, and

B3 are the Fourier coefficients for wavenumbers 1 and 3

of the Doppler velocities analyzed on each radius. The

basic geometry for theGBVTD analysis is shown in Fig. 1.

Here uM and uT are the angles measured from due east

of the mean flow and the center of the circulation rel-

ative to the radar location, respectively; amax is the an-

gular distance (relative to the radar location) measured

from the center of the circulation to the tangent of the

analysis ring under consideration; and VM sin(uT 2 uM)

is the component of VM that is perpendicular to the line

drawn from the radar location through the center of the

circulation (i.e., perpendicular to the radar beam that

passes through the center of the circulation).

Lee et al. (1994) proposed the closure assumption that

the asymmetric radial velocity (VR) was much smaller

than the corresponding tangential velocity (VT). As

a result, the VRS2 and VRC2 terms are ignored in (1) and

(2), respectively. In the single-Doppler methodology,

VM sin(uT 2 uM) cannot be measured and is assumed to

be small compared to the other terms. The end products

of this procedure are the axisymmetric mean (hereafter

referred to as the mean) tangential and radial winds and

asymmetric tangential winds for each level. The mean

divergence, vertical velocity (based on an upward in-

tegration of divergence), vertical vorticity, and angular

momentum can be calculated. The perturbation pres-

sure gradient associated with the primary circulation can

also be determined.

Dual-Doppler wind syntheses based on the data col-

lected by the DOW6 and DOW7 radars were available

for this case and allow for a direct estimate of the three

ignored terms in (1) and (2). The reflectivity and velocity

information were interpolated onto a Cartesian grid and

an advection correction based on the mesocyclone mo-

tion was used to adjust the data to a common time. The

objective analysis employed a two-pass Barnes filter. The

multipass analysis has been shown to result in less damping

at well-resolved wavelengths than single-pass objective

analyses while still suppressing small-scale noise (Majcen

et al. 2008). The maximum range from both radars to the

tornado was 20 km. Data were oversampled in the azi-

muthal direction (0.78) resulting in amaximumhorizontal

data spacing (d) of 244 m. The resultant smoothing pa-

rameter (ko5 0.48 km2) was 0.106 km2 (Pauley andWu

1990). The horizontal and vertical grid spacing was

chosen to be 100 m (d/2.5; Koch et al. 1983). Vertical

velocities were derived from an upward integration of

the continuity equation.

Range–height profiles of the axisymmetric VR for

2216:08–2216:45 UTC are shown in Fig. 2. The profile of

VR based on the azimuthally averaged, dual-Doppler

wind synthesis is presented in Fig. 2a. The GBVTD anal-

ysis of VR ignoring the VRC2 term is shown in Fig. 2b.

The GBVTD analysis is able to resolve smaller wave-

lengths so the field shown in Fig. 2b has been filtered to

match the resolvable scales based on the dual-Doppler

wind synthesis.1 There is a major difference between

FIG. 1. The geometry used in a GBVTD analysis. Based on a figure from Lee et al. (1999).

1 The filtering applied to the dual-Doppler wind synthesis re-

sulted in 50% and 80% of the wave energy at scales greater than

0.63 and 0.95 km, respectively, being resolved. The dual-Doppler

wind synthesis at these scales was not able to fully resolve the

tornadic circulation. In addition, this filtering would largely remove

the effects of centrifuging (discussed in section 6) in the dual-

Doppler wind syntheses.
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GBVTDestimate ofVR based on the single-Doppler data

collected byDOW7and the dual-Dopplerwind synthesis.

The GBVTD analysis including the effect of the VRC2

term derived from the dual-Doppler wind synthesis at

2216:08–2216:45 UTC (Fig. 2c) largely replicates the

main features that are apparent in Fig. 2a. The stronger

values in the GBVTD analysis are a result of higher-

resolution data collected by the DOW7 radar. The

filtered GBVTD analysis based on data collected by

DOW6 (and including theVRC2 term) is shown in Fig. 2d.

Although there is broad similarities between the fields

shown in Figs. 2a,d, the agreement is not as good as the

DOW7 analysis. These differences are likely the re-

sult of the greater distance between the DOW6 site and

the tornado.

The profiles presented in Fig. 2 are an example

where some of the assumptions discussed by Lee et al.

(1999) are not valid. That is, the axisymmetric radial

velocities are not significantly larger than the asym-

metric radial velocities (represented by the higher-order

FIG. 2. Range–height cross section of the axisymmetric radial velocities for 2216:08–2216:45 UTC for the

LaGrange tornado. (a) Based on the azimuthally averaged dual-Doppler wind synthesis using data collected by

DOW6 and DOW7. (b) Based on a GBVTD analysis using data collected by DOW7 and filtered to resolve wave-

lengths similar to the dual-Doppler wind syntheses. The VRC2 term has been ignored in this calculation. (c) As in

(b), but including the VRC2 term estimated from the dual-Doppler analysis. (d) As in (c), but for DOW6. Values

.3 m s21 or ,23 m s21 are shaded gray.
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wavenumbers). It can be seen in (1) and (2) that the

unresolved wavenumber-2 radial wind component di-

rectly biases the mean tangential and radial winds of

the vortex. In strong tornadoes (e.g., Lee andWurman

2005), the assumption used in Lee et al. (1999) is

appropriate. In the present case, however, the wave-

number-2 radial wind component is of the same order of

magnitude as the mean radial wind and theVRC2 term in

(2) should not be ignored. Accordingly, the radial ve-

locity profiles plotted in section 5 were derived from the

full equation shown in (2) using the wavenumber-2

component estimated from the dual-Doppler wind

synthesis as a proxy. The validity of adding a smoothed

wavenumber-2 parameter to the GBVTD analysis was

partially addressed by recomputing theVRC2 term using

higher-resolution dual-Doppler wind syntheses (i.e.,

filter the wind synthesis such that smaller scales were

resolved, including an extreme case where no filter was

applied). The retrieved VRC2 fields based on these al-

ternative wind fields produced similar fields (not shown)

that would not have altered any of the conclusions pre-

sented in this paper.

The axisymmetric tangential velocities were calcu-

lated by azimuthally averaging the dual-Doppler wind

syntheses (not shown). These velocities were also esti-

mated using the GBVTD technique using the single-

Doppler velocities recorded by DOW7 and neglecting

the mean flow perpendicular to the radar beam [VM sin

(uT 2 uM)] and the VRS2 terms in (1). The mean tan-

gential velocities were also calculated by including the

latter two terms by using the dual-Doppler wind field

(not shown). TheGBVTDanalyses were filtered tomatch

the resolvable scales based on the dual-Doppler wind

synthesis similar to the results shown in Fig. 2. The com-

parison of the range–height profiles (not shown) revealed

a close agreement between theGBVTDanddual-Doppler

estimates of themean tangential velocities. This analysis

validates the original closure assumption proposed by

Lee et al. (1994). As a result, the axisymmetric tangen-

tial velocity profiles shown in section 5 used the simpli-

fied version of (1) that neglect the last two terms on the

right-hand side of the equation.

GBVTD analyses were performed during the 2216

and 2218 UTC volume scans by the DOW7 radar. The

tornadowas approximately 5.5 and 3.6 km from the radar

during these times, respectively. These distances were

deemed close enough that the tornadic circulation could

be reconstructed by theGBVTD technique. Earlier times

FIG. 3. Hook echo (18 elevation angle) associated with the LaGrange supercell storm at

2156:07, 2204:07, 2214:07, and 2228:05 UTC recorded from the DOWs.Magenta dots represent

the location of the tornadic rotational couplet based on low-level scans. Damage to telephone

poles and trees are plotted (explanation of the symbols are shown in the legend). An en-

largement near DOW7 is shown in the inset. The times of the rotational couplet observations

are labeled on the figure. A schematic illustrating the series of photographs taken from the

DOW7 site is also shown. The gray lines are the height of the topography. The locations of

DOW6andDOW7are shown by the stars. The primary dual-Doppler lobe is plotted. The radar

reflectivity values greater than 45 dBZ are shaded blue.
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were considered too far from DOW7 and the 2218 UTC

volume was the last series of scans before the radar re-

deployed to another location. The grid spacing in the

vertical was 50 m for both times while the spacing in the

horizontal was 50 m and 40 m for the 2216 and 2218UTC

volumes, respectively, to take advantage of the higher

data resolution as the tornado approached the radar. See

Lee and Wurman (2005) for additional information re-

garding the GBVTD technique applied to a tornadic

circulation.

4. Radar deployments and the hook echo

The LaGrange tornado was rated EF2 by the Na-

tional Weather Service based on a combination of the

documented damage, radial velocities recorded by the

DOWs, and in situ wind measurements by the Tor-

nado Intercept Vehicle (TIV; Wurman et al. 2007c).

The initial deployment of DOW6 and DOW7 on the

LaGrange supercell is shown in Fig. 3. The radars were

separated by ;15 km along an approximate north–

south highway (the dual-Doppler lobe is indicated by

the dashed line). The characteristics of the hook echo

starting with the initial intensification of the low-level

circulation (tornadogenesis was estimated to occur

at ;2152 UTC) until a couple of minutes before

dissipation at ;2230 UTC are shown. A weak echo

hole2 (WEH; Fujita 1981) is apparent at the 2204:07

and 2214:07 UTC times and is collocated with the

rotational couplet.

5. GBVTD analysis of the LaGrange tornado

a. 2216:08–2216:45 UTC

As noted in section 3, a GBVTD analysis was per-

formed during the 2216:08–2216:45 and 2218:07–2218:42

UTC volumes owing to the proximity of the tornado to

DOW7. The elevation- and azimuth-angle grid super-

imposed onto the photograph taken at 2216:23 UTC is

shown in Fig. 4. This figure was also shown inWakimoto

et al. (2011) and includes the location of the raw data

points fromDOW7 (0.58, 18, 28, 38, 48, 58, and 68 elevation
angles) as well as an analysis of the single-Doppler ve-

locities. The data points illustrate the high-resolution radar

information that is available for this volume scan. The ra-

dius of maximum winds denoting the tornado core at low

levels is slightly larger than the visible funnel (Bluestein

et al. 2004).

FIG. 4. Photograph of the LaGrange tornado at 2216:23 UTC. Red lines are isopleths of single-Doppler velocity.

Solid and dashed lines represent negative and positive radial velocity, respectively. Values less than 250 m s21 are

shaded red. The small dots represent the raw data points from DOW7 between 0.58 and 68. The scale labeled on the

figure is valid at the distance of the tornado (;5.5 km).

2 Qualitatively defined as the area ,40 dBZ embedded within

the circulation.
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FIG. 5. GBVTD analysis for the 2216:08–2216:45 UTC volume from DOW7 super-

imposed on top of a photograph of the LaGrange tornado at 2216:23 UTC. (a) Radar

reflectivity (dBZ) and the two-dimensional wind field. Reflectivity values less than

40 dBZ are shaded. (b) Vertical velocity (m s21). Solid and dashed lines represent

positive and negative velocities, respectively. Dash–dot contours have been added in

regions with weak gradients. Red and yellow arrows denote areas of downdraft and

updraft, respectively. (c) Radial velocity (m s21). Red and blue arrows denote areas of

outflow and inflow, respectively. (d) Tangential velocity (m s21) and the two-dimensional

wind field. Solid and dashed lines represent velocities into and out of the figure, re-

spectively. Shaded regions represent magnitudes .34 m s21. (e) Perturbation pressure

(mb) and the two-dimensional wind field. Shaded region represents perturbation pres-

sure less than 220 mb. (f) Vertical vorticity (1022 s21) and the two-dimensional wind

field. (g) Angular momentum (103 m2 s21) and the two-dimensional wind field. Shaded

regions represent angular momentum greater than 103 103 m2 s21. Dashed isopleths of

angular momentum represent an extrapolation of the analysis in a region devoid of data.

The small dots represent the raw data points fromDOW7 between 0.58 and 68. The scale
labeled on the figure is valid at the distance of the tornado.
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FIG. 5. (Continued)
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A vertical cross section of radar reflectivity and the

two-dimensional vertical and radial wind field derived

from the GBVTD analysis through the center of the tor-

nado is shown in Fig. 5a. TheWEH (shaded blue) centered

on the tornado resulting from centrifuging of hydrometeors

is apparent (Dowell et al. 2005) and is associated with

a larger diameter than the visible funnel. The higher

reflectivities beneath theWEH at low levels (.45 dBZ)

are a result of small debris particles being lofted from

the surface (Wakimoto et al. 2011). The prominent

feature in the wind field is the axial downdraft (i.e., a

downdraft centered along the axis of rotation) that

has been noted by other investigators (e.g., Wurman

and Gill 2000; Lee and Wurman 2005; Kosiba et al.

2008; Kosiba and Wurman 2010). The GBVTD analy-

sis does not extend to the tornado center owing to the

lack of data points at small radii that are required to

perform the Fourier decomposition (Carbone et al.

1985). Accordingly, no analysis is shown for a radius

,100 m for this time and,80 m for the volume discussed

in section 5b.

The downdraft speeds within the tornado exceed

24 m s21 (Fig. 5b) and are largely confined within the

condensation funnel. The isopleths of negative vertical

velocity at low levels slope outward with increasing

height similar to the shape of the funnel. Themaximum

of updraft just above the surface (between 18 and 28)
is.4 m s21 and is located at the periphery of the funnel,

which suggests a two-celled structure (e.g., Davies-Jones

1986). Strong, low-level outflow in mean radial veloc-

ities is found near the tornado in response to the axial

downdraft (Fig. 5c). Shallow inflow (also seen in Fig. 5a)

FIG. 5. (Continued)
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is confined to a small region outside of the tornado core.

Section 6 presents additional discussion of the low-level

inflow.

The mean tangential velocities derived from the

GBVTD methodology are presented in Fig. 5d. The

maximumspeeds are in excess of 50 m s21 near the surface

and consistent with the ground-relative, single-Doppler

velocities shown in Fig. 4 (the tornado-relative Doppler

velocities can be obtained by adding ;12 m s21, the

speed of the tornado toward DOW7, to the field in

Fig. 4). The expected frictional decrease in tangential

velocities within the surface boundary layer is not being

resolved by DOW7. The existence of strong rotation

near the ground suggests that a downward-directed

perturbation pressure (hereafter, perturbation pressure

is referred to as pressure) gradient exists. The pressure

field (Fig. 5e) is calculated using the equation outlined

by Lee andWurman (2005). The pressure deficits at each

height are obtained independently assuming that all

perturbations at 3-km radius are zero (Lee and Wurman

2005). Accordingly, the reader should interpret the

vertical pressure gradient with some caution (e.g., Gal-

Chen 1978). However, all plots of pressure deficits with

radius (not shown) reveal no change in pressure beyond

a radius of 1 km. A surface-based mesolow (,230 mb)

results in a strong vertical gradient of pressure, consistent

with the existence of the axial downdraft (also noted by

Lee and Wurman 2005). The field presented in Fig. 5e is

dominated by the cyclostrophic pressure gradient bal-

ancing the primary tornadic circulation. A weaker, ad-

vection pressure gradient3 term (not shown) supports the

secondary circulation. The reduction in pressure extends

beyond the visible funnel, but is limited to an approxi-

mate radius of 300–400 m from the tornado center.

The maximum vertical vorticity values are .45 3
1022 s21 within the tornado core4 (Fig. 5f). A strong

radial gradient results in values rapidly approaching 0

outside of the tornado funnel. Indeed, the low-level vor-

ticity is relatively weak approximately one funnel-width

beyond the visible edge of the condensation funnel. The

distribution of the angular momentum fields near torna-

does has been documented by Lee and Wurman (2005),

Rasmussen and Straka (2007), Kosiba et al. (2008),

and Kosiba and Wurman (2010). It has been noted that

the angular momentum is relatively constant with

height near and within the radius of maximum wind

(Lee and Wurman 2005; Kosiba et al. 2008; Kosiba

and Wurman 2010) and is similar to the axisymmetric

profiles associated with hurricanes (e.g., Lee et al. 2000).

In addition, high-resolution simulations of tornadoes

produce nearly vertical isopleths of angular momentum

(e.g., Lewellen et al. 2000). Figure 5g is consistent with

these past studies with approximate upright isopleths

near the tornado. The angular momentum increases

radially outward with the strongest gradient within and

just beyond the visible funnel. Low angular momentum

flow that should exist near the surface is not being de-

tected by the Doppler radar but is represented by the

dashed isopleths plotted at low levels. The wind field

presented in Fig. 5g depicts strong surface outflow near

the tornado but also generally weaker outflow through-

out the region. Accordingly, angular momentum is be-

ing advected away from the tornado and it would be

expected that the LaGrange tornado will weaken with

time [this observation is consistent with the results

shown by Atkins et al. (2012)]. This possible trend will

be assessed in the next session.

b. 2218:07–2218:42 UTC

The axial downdraft increased in intensity aloft

(,232 m s21) during the 2218:07–2218:42 UTC volume

scan but is weaker at low levels (Figs. 6a,b). The strong

downdrafts aloft can be partially attributed to the ability

to resolve the wind field closer to the center of the tor-

nado as the circulation approached the DOW7 site. Low-

level updrafts are still confined to the periphery of the

visible funnel (Fig. 6b), but are weaker than the velocities

shown in the previous analysis time (Fig. 5b). The strength

and radial extent of the inflow near the surface increased

(Figs. 6a,c). Radial outflow above the boundary layer

inflow is clearly apparent (maximum value .6 m s21 at

;250 m above the ground along the edges of the con-

densation funnel). This type of flow is consistent with the

presence of a secondary circulation and has also been

shown in Lee and Wurman (2005), Kosiba et al. (2008),

andKosiba andWurman (2010). The reader should view

the increased intensity and extent of the inflow near the

surface with caution since it is possible that the ap-

proaching tornado allowed for Doppler velocities to be

collected closer to the ground during this time owing to

the smaller beamwidth and lower height of the center of

the beam axis. Vertical velocities surrounding tornadoes

derived from the GBVTD technique should also be

viewed with caution since the divergence fields at the

lower boundary may not be fully resolved.

3 Lee and Wurman (2005) define the radial pressure gradient

equation (excluding the Coriolis and friction terms). They partition

the pressure gradient into the contributions by the cyclostrophic

and advection pressure gradients.
4 Single-Doppler estimates of the horizontal shear suggest that

the maximum vertical vorticity was approximately 160 3 1022 s21

(Wakimoto et al. 2011). The larger estimate of vorticity resulted

from the higher resolution of the single-Doppler velocity data and

the inability of theGBVTDanalysis to resolve the vertical vorticity

close to the tornado center.
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FIG. 6. GBVTD analysis for the 2218:07–2218:42 UTC volume from DOW7 super-

imposed on top of a photograph of the LaGrange tornado at 2218:33 UTC. (a) Radar

reflectivity (dBZ) and the two-dimensional wind field. Reflectivity values less than

40 dBZ are shaded. (b)Vertical velocity (m s21). Solid and dashed lines represent positive

and negative velocities, respectively. Dash–dot contours have been added in regions with

weak gradients. Red and yellow arrows denote areas of downdraft and updraft, respec-

tively. (c) Radial velocity (m s21). Solid and dashed lines represent positive and negative

velocities, respectively. Red and blue arrows denote areas of outflow and inflow, re-

spectively. (d) Tangential velocity (m s21) and the two-dimensional wind field. Solid and

dashed lines represent velocities into and out of the figure, respectively. Shaded regions

represent magnitudes.34 m s 21. (e) Perturbation pressure (mb) and the two-dimensional

wind field. Shaded region represents perturbation pressure less than 220 mb. (f) Vertical

vorticity (1022 s21) and the two-dimensional wind field. Representative vertical vorticity

isopleths from the 2216:08–2216:45 UTC volume are plotted (light blue dotted lines).

(g) Angular momentum (103 m2 s21) and the two-dimensional wind field. Shaded regions

represent angular momentum greater than 10 3 103 m2 s21. Dashed isopleths of angular

momentum represent an extrapolation of the analysis in a region devoid of data. Repre-

sentative angular momentum isopleths from the 2216:08–2216:45 UTC volume are plotted

(light blue dotted lines). The small dots represent the raw data points from DOW7 between

0.58 and 68. The scale labeled on the figure is valid at the distance of the tornado.
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FIG. 6. (Continued)
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The diffluent flow field depicting angular momentum

being advected out from the tornado during the previous

analysis time (Fig. 5g) suggests that the circulationmight

be weakening. Indeed, the tangential velocities have de-

creased at all levels (Fig. 6d). A time plot of azimuthal

shear based on the raw single-Doppler velocities from

DOW7 (Fig. 7) also shows a decrease in intensity at this

time. The weaker rotational speeds result in a higher

minimum pressure within the surface mesolow (Fig. 6e)

and a weaker downward-directed pressure gradient.

Interestingly, the peak vertical vorticity has increased

and is now .55 3 1022 s21 (Fig. 6f). This increase is

a result of theGBVTDanalysis resolving larger vorticity

values closer to the center of the circulation than the

previous analysis time. Single-Doppler velocity data

(not shown) reveal that the tornado circulation is con-

tracting at this time. The contraction of the circulation

in a diffluent wind field at low levels appears to be con-

tradictory; however, it is believed that centrifuging of

hydrometeors is masking low-level confluent wind field

into the tornado. This possibility is explored in the next

section.

An alternative way to assess the overall trend in

vertical vorticity is to compare the values observed at

2216:08–2216:45 UTC with the current analysis time. A

few isopleths (light blue dashed lines) from the earlier

time are plotted near the periphery of the funnel. This

comparison illustrates that the vertical vorticity has in-

creased slightly at most heights. This increase appears to

be inconsistent with the observed weakening of the

FIG. 6. (Continued)
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tangential velocities and azimuthal shear at this analysis

time. An examination of the components that contribute

to vertical vorticity reveals that this increase was attrib-

utable to an increase in the shear vorticity even though

the curvature vorticity weakens. A similar comparison

with the angular momentum fields (Fig. 6g), however,

shows that there is an overall decrease in angular mo-

mentumwithin the tornado core compared with the early

volume. The diffluent pattern in the wind field is more

pronounced compared to the earlier time and continues

to support angular momentum being advected away from

the tornado (also shown by Rasmussen and Straka 2007).

As previously mentioned, the LaGrange tornado dissi-

pated at ;2230 UTC.

6. Low-level convergence and the centrifuging
of hydrometeors

Mobile Doppler radars have collected unprecedented

high-resolution data of tornadoes. However, it has been

difficult to collect information at the lowest tens ofmeters

where the strongest radial inflowwould be expected (e.g.,

Lewellen et al. 1997). In addition, centrifuging of hy-

drometeors/debris within the tornado could be masking

the convergence signal at low levels (e.g., Wurman and

Gill 2000; Dowell et al. 2005). The impact of centrifuging

of hydrometeors is schematically illustrated in Fig. 8.

The path of the hydrometeors is different than air par-

cels since there is a net outward trajectory of the parti-

cles (Dowell et al. 2005). This centrifuging contributes to

the formation of the WEH and biases the Doppler ve-

locities with a false divergent signature (i.e., a positive

bias to the radial velocity measurements).

Past investigations have provided estimates of this

centrifuging effect and suggested that it could be im-

portant (Wurman andGill 2000; Dowell et al. 2005). Lee

and Wurman (2005) suggest that the large radius of

maximum wind and strong radial inflow for the Mulhall

tornado would have largely negated the impact of centri-

fuging and resulted in a ‘‘minor shift of the overall pat-

tern,’’ but would not have altered the general conclusions

of their study. Rasmussen and Straka (2007) did not in-

corporate Doppler velocity data close to the center of the

tornado when calculating angular momentum owing to

a concern that centrifuging of debris would contaminate

estimates of the radial velocity. The LaGrange tornado

was not violent (EF2) and was characterized by relatively

weak radial inflow and small radius ofmaximumwind.As

a result, the two-dimensional wind profile associated with

this type of tornado could be strongly influenced by the

centrifuging of hydrometeors.

The technique to estimate the effect of centrifuging

used in this study follows the approach outlined byDowell

et al. (2005). They developed equations governing the

motion of particles/objects for a steady, axisymmetric

tornado neglecting subgrid-scale processes such as co-

alescence of hydrometeors. The particle’s/object’s drag

coefficient is assumed constant and equal to the value

attainedwhen the object is falling at its terminal velocity.

In addition, the hydrometeor’s and other objects’

impact on the airflow are also ignored (e.g., Eskridge

and Das 1976). The type and size distribution of the

radar scatterers were not known since polarimetric ob-

servations that were collected on the LaGrange tornado

were not suitable for use in this study. These types of

FIG. 7. Time plot of azimuthal shear associated with the tornado

based on single-Doppler velocity measurements at 0.58 fromDOW7.

FIG. 8. Schematic illustrating the centrifuging of hydrometeors

within and near an intense tornadic circulation. Centrifuging leads

to the creation of aWEH, which was larger than the funnel cloud in

the current case. The figure also illustrates the difference between

the wind field (black lines) and the trajectory of the hydrometeors

(orange dashed lines). The latter is measured by a Doppler radar

and leads to a positive bias in the derived radial velocities accom-

panying the tornado.
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measurements have proven particularly useful in dis-

criminating between particle types (e.g., Ryzhkov et al.

2005; Bluestein et al. 2007b). High-definition video

and a few observations from personnel deployed near

the tornado did not suggest lofting of large debris

particles. The higher echo return at low levels was

likely a combination of precipitation, small twigs, dirt/

gravel, and wet grass that had become airborne in the

circulation.

To simplify the estimates of centrifuging presented in

this paper, the effect of small debris particles was ig-

nored and it was assumed that radar reflectivity returns

were exclusively from hydrometeors. In lieu of a known

drop size distribution, themedian volume diameter (Do)

was calculated from the radar reflectivity profile based

on a Marshall–Palmer size distribution (Marshall and

Palmer 1948). It was assumed thatDo represents the drop

size in the radar sampling volume. The uncertainty in the

DOW7 radar reflectivity values stated in section 2 would

translate to an uncertainty of;60.1 mm inDo at 40 dBZ.

The terminal velocity can be estimated based on the known

drop size (Atlas et al. 1973). The drops were assumed to

initially move with the same horizontal mean GBVTD

velocities as the air. Subsequently, the particle motions

are determined by the forcing rather than by the initial-

ization. The results presented in Figs. 9, 10, and 11 are

after sufficient time had elapsed such that the particle

motion has asymptotically approached the steady solu-

tions. The impact of particle motion was negligible on

the GBVTD mean tangential velocities, vertical vortic-

ity, and angularmomentum plots (not shown). The reader

is referred to Dowell et al. (2005) for additional infor-

mation concerning the particle motion calculations.

The estimated positive bias to the radial velocities for

2216:08–2216:45 and 2218:07–2218:42 UTC are plotted

in Figs. 9a,b, respectively. The effect of centrifuging of

hydrometeors is similar for both analysis times. Not sur-

prisingly, the largest impact is at low levels where the

tangential velocities are the strongest and are also close

to the center of the tornado. The same conclusion was

reached in a sensitivity study where a uniform radar re-

flectivity profilewas substituted for the actual echo values

(Figs. 5a and 6a) and the particle motion calculations

were repeated. The centrifuging effect decreases rapidly

and is small (;1 m s21) at distances greater than a few

hundred meters from the core axis. The particle radial

velocities depicted in Fig. 9 are of the same order of

magnitude as the radial velocities from the wind shown

in Figs. 5c and 6c and would significantly impact the

divergence fields, especially at low levels. The measured

radial velocity profiles were corrected for the particle

motions shown in Fig. 9 by subtracting the two fields,

after which a new divergence analysis was created (not

shown). Themodified vertical velocity field (Figs. 10 and

11) reveals striking differences with the plots shown in

Figs. 5b and 6b. The axial downdraft extending through-

out the tornadic circulation at 2216:08–2216:45 UTC is

absent (Figs. 10a and 11a). Downdrafts (,24 m s21) are

confined to the lowest few hundred meters while positive

vertical motions exist (.8 m s21) at higher levels. The

strong radial outflow near the surface (Figs. 5a,c) has been

reduced. The corrected wind field near the tornado at

2218:07–2218:42 UTC is also different than the early

time. Low-level updrafts within the tornado core are ap-

parent and are supported by stronger radial inflow near

the surface (Figs. 10b and 11b). Weak axial downdrafts

exist aloft.

The estimate of the centrifuging of hydrometeors

should be viewed with caution and is subject to the as-

sumptions used in the calculation stated earlier in this

section. However, these results suggest that Doppler

radar data collected on tornadoes associated with a small

radius of maximum wind and relatively weaker inflow

could be significantly biased owing to particle centrifug-

ing such that the radial and vertical velocity wind field

near and within the tornado core is significantly altered.

Indeed, the prominent axial downdraft shown in the pres-

ent case was reduced owing to the increased low-level con-

vergence into the core after a correction was applied.

The ability to capture the low-level inflow into tor-

nadoes remains a challenge. Resolving this component

of the wind is critical since it sets the lower boundary

condition for the vertical velocity calculations. There are

two interpretations for the increase in the low-level radial

inflow near the tornado with time (Figs. 5c and 6c). It is

possible that the differences are a result of the natural

tornado evolution. However, it is also possible that the

increase in magnitude and areal extent of the inflow is

a result of the radar’s ability to better resolve the low-

level flow as the tornado approached. The authors have

concluded that the latter is themore likely scenario since

the areal coverage of the radar beamwidth, at the dis-

tance of the tornado, decreases by more than 50% when

comparing the 2216 and 2218 UTC analysis times. This

increase in spatial resolution results in finescale Doppler

velocity measurements at low levels. Therefore, we rec-

ommend that the radar be deployed within a few kilome-

ters of the tornado or that other high-resolution (narrow

beamwidth) observing platforms be used such as aW- or

K-band radar (e.g., Bluestein et al. 2007a) or a lidar (e.g.,

Bluestein et al. 2010). Figure 12 attempts to summarize

the difficulty of accurately measuring the low-level in-

flow into the tornado owing to the centrifuging of hy-

drometeors and debris and the inability of the radar

beam to fully resolve the inflow, which is confined to the

lowest levels.
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7. Summary and discussion

The current study presents a GBVTD radar analysis

combined with cloud photography of the LaGrange,

Wyoming, tornado on 5 June 2009 during VORTEX2.

The funnel was within a few kilometers of the Doppler

radar resulting in a dataset that could be used to re-

construct the three-dimensional wind field associated

FIG. 9. Estimate of the positive bias to the radial velocity profile owing to the centrifuging of hydrometeors for

(a) 2216:08–2216:45 and (b) 2218:07–2218:42 UTC.
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FIG. 10. Estimate of the vertical velocities after removing the effect of centrifuging of hydrometeors for (a)

2216:08–2216:45 and (b) 2218:07–2218:42 UTC. Solid and dashed lines represent positive and negative velocities,

respectively. Dash–dot contours have been added in regions with weak gradients. Red and yellow arrows denote

areas of downdraft and updraft, respectively.
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with the tornadic circulation. A strong axial downdraft

was evident and was supported by a downward-directed

pressure gradient. Weak radial inflow at low levels was

apparent. Theweak inflowwas attributed to a combination

of centrifuging of hydrometeors/debris in the tornado

associated with a small radius of maximum wind and the

inability of the radar beam to fully resolve the low-level

flow. The mean tangential winds exceeded 50 m s21

FIG. 11. Radar reflectivity and an estimate of the two-dimensional wind field after removing the effect of centrifuging of

hydrometeors for (a) 2216:08–2216:45 and (b) 2218:07–2218:42UTC.Radar reflectivities shadedblue are less than 40 dBZ.
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and were located near the surface. The tornado was

accompanied by an intense column of vertical vorticity

that rapidly weakened approximately one funnel width

beyond the visible edge of the funnel cloud. Angular

momentum was advected away from the circulation,

consistent with the observed weakening of the tornado

during the analysis period.

The availability of a dual-Doppler wind synthesis

provided an opportunity to assess the assumptions used

in the GBVTDmethodology. The analysis suggests that

the presence of weak radial inflow requires one of the

higher-order terms that has been traditionally ignored in

past GBVTD analyses be retained in order to retrieve

the most accurate wind field. In addition, a quantitative

analysis of the centrifuging of hydrometeors suggests

that the radial and vertical velocity profile near and

within the tornado can be significantly altered for in-

tense circulations accompanied by a small radius of max-

imum wind and relatively weak low-level inflow. Indeed,

the intense axial downdraft within the tornado was large-

ly absent when an attempt to correct for hydrometeor

centrifuging was applied. The latter conclusion is subject

to the assumptions used in estimating the centrifuging

effect. The effect of particle motion on the mean tan-

gential velocities, vertical vorticity, and angular momen-

tum was negligible.

The analysis of the LaGrange tornado highlights the

difficulty of achieving high-resolution dual-Doppler wind

synthesis of tornadic wind fields. Techniques such as the

GBVTD will need to be applied along with remote

sensing techniques that are better able to resolve the

low-level inflow into the tornado. Polarimetric data will

also be important to assess the hydrometeor type and

the location of debris in removing possible contamina-

tion of the Doppler velocity data. Future studies will,

hopefully, be able to apply the techniques illustrated in

this paper on tornadoes of different intensity and widths

and also for a longer period of the tornado’s life cycle.

These additional analyseswill also be needed to verify the

results shown in this paper, which were restricted to two

radar volume scans.
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