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ABSTRACT

This study presents a single-Doppler radar analysis combined with cloud photography of the LaGrange,
Wyoming, tornado on 5 June 2009 in an attempt to relate the radar-observed hook echo, weak-echo hole
(WEH), and rotational couplet to the visual characteristics of the tornado. The tornado was rated EF2. The
circulation at low levels went through two intensification periods based on azimuthal shear measurements.
The first intensification was followed by the appearance of a brief funnel cloud. The second intensification was
coincident with the appearance of a second funnel cloud that remained in contact with the ground until the
tornado dissipated.

A deep WEH rapidly formed within the hook echo after damaging wind was identified at the ground and
before the appearance of a funnel cloud. The echo pattern through the hook echo on 5 June undergoes
a dramatic evolution. Initially, the minimum radar reflectivities are near the surface (<15 dBZ) and the WEH
does not suggest a tapered structure near the ground. Subsequently, higher reflectivities appear at low levels
when the funnel cloud makes contact with the ground. During one analysis time, the increase of the echo
within the WEH at low levels results in a couplet of high/low radar reflectivity in the vertical. This increase in
echo at low levels is believed to be associated with lofted debris although none was visibly apparent until the
last analysis time. The WEH was nominally wider than the visible funnel cloud. The dataset provides the first
detailed analysis of the double-ring structure within a hook echo that has been reported in several studies. The
inner high-reflectivity region is believed to be a result of lofted debris. At higher-elevation angles, a small
secondary WEH formed within the first WEH when debris was lofted and centrifuged.

A feature noted in past studies showing high-resolution vertical cross sections of single-Doppler velocity
normal to the radar beam is an intense rotational couplet of negative and positive values in the lowest few
hundred meters. This couplet was also evident in the analysis of the LaGrange tornado. The couplet was
asymmetric with stronger negative velocities owing to the motion of the tornado toward the radar. The
damaging wind observed by radar extended well beyond the condensation funnel in the lowest few hundred
meters. However, another couplet indicating strong rotation was also noted aloft in a number of volume scans.
The decrease in rotational velocities between the low-and upper-level couplets may be related to air being
forced radially outward from the tornado center at a location above the intense inflow.

1. Introduction
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A major milestone was reached in the operational
detection of severe weather when the hook echo was
first observed by radar and shown to be associated with
tornadogenesis (Stout and Huff 1953; Forbes 1981).
Subsequent studies examining radial velocities based on
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Doppler radars measurements were able to resolve the
mesocyclone and the tornadic-vortex signature (TVS),
which can be associated with the parent circulation of
the tornado and the tornado, respectively (e.g., Brown
et al. 1978). More recently, successful intercepts of su-
percell storms with mobile Doppler radars have pro-
vided unprecedented, close-up views of the structure of
the hook echo and the intense circulation within and
surrounding the tornado (e.g., Bluestein et al. 1993,
1997, 2004, 2007a,b; Wurman et al. 1996a; Wurman and
Gill 2000; Alexander and Wurman 2005; Wurman et al.
2007a,b). One of the characteristic features within the
hook echo is the weak-echo hole (WEH), first docu-
mented by Fujita (1981). The WEH appears inside the
tornado core and is surrounded by a high-reflectivity
tube that is wider than the tornado (e.g., Fujita 1981;
Wurman et al. 1996a; Wakimoto et al. 1996; Wurman
and Gill 2000; Bluestein et al. 2004, 2007b) and is likely
caused by the centrifuging of hydrometeors and debris
(Dowell et al. 2005).

While these past studies have collected a plethora of
data on the echo structure and velocity fields in torna-
does, careful analysis of pictures taken at the same time
have been relatively rare (Bluestein et al. 1993, 1997,
2004, 2007a,b; Wakimoto et al. 2003). Photogrammetric
analysis is important since it provides quantitative in-
formation about the tornado (e.g., condensation funnel
width). The X-, C-, or S-band radars do not detect sig-
nals in regions characterized by small cloud drops. In
addition, few studies have attempted to merge Doppler
radar data with tornado photographs. Wakimoto et al.
(2003), Dowell et al. (2005), and Rasmussen and Straka
(2007) superimposed interpolated radar reflectivity and
Doppler velocity data onto a picture of the tornado but
only for a single time. Wakimoto and Martner (1992)
provided 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).

This paper presents an analysis of a tornado that de-
veloped west of LaGrange, Wyoming, on 5 June 2009
during the Verification of the Origins of Rotation in
Tornadoes Experiment II (VORTEX2). VORTEX2 was
a large multiagency field project that operated 10 May-13
June 2009 and focused on collecting high-resolution data
on tornadoes and tornadic storms (Wurman et al. 2010).
The experiment was atypical in that the fleet of in-
strumentation was mobile during the entire field phase.
Facilities included 10 mobile radars, mobile mesonet in-
strumented vehicles, weather balloon launching vans,
photography teams, and other instruments. Many of the
vehicles traveled over 16 000 km across the southern and
central plains while intercepting a number of supercell
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storms during 2009. The primary radar dataset used in this
study was collected by the Doppler-on-Wheels (DOW;
Wurman et al. 1997; Wurman 2001).

The LaGrange tornado was scanned by several radars
while the evolution of the funnel was captured by a se-
ries of photographs and high-definition video. In this
paper, single-Doppler radar data are combined with
these photographs in an attempt to relate the hook echo,
WEH, and rotational couplet to the visual characteris-
tics of the tornado. The DOW radars and the cloud
photogrammetry technique are discussed in section 2.
Section 3 presents a brief discussion of the environ-
mental conditions, an overview of the data collected on
the storm, the hook echo, and the tornado. The azi-
muthal shear associated with the tornado at low levels is
shown in section 4 and detailed vertical cross sections of
radar reflectivity and single-Doppler velocities merged
with pictures of the tornado are discussed in section 5. A
summary and conclusions are presented in section 6.

2. DOW radars and cloud photogrammetry

The DOWs (data from the DOW6 and DOW?7 radars
are used in this study) are 3-cm mobile Doppler radars
mounted on trucks and have been used extensively to
collect data near severe local storms (e.g., Wurman and
Gill 2000). During the deployment near the LaGrange
tornado, the DOWs scanned at 50°s ™', employed 250-ns
pulses at 4000-Hz pulse repetition frequency, and sam-
pled returned signals to retrieve 60-m gate spacing. The
peak transmitted power is 250 kW. The 2.44-m para-
bolic antennas produce beam widths of 0.93°, typically
oversampled every 0.3° during a horizontal scan. The
radars executed coordinated volume scans every 2 min.
It should be noted that analysis times were restricted to
~30 s at low levels within the 2-min volume scan. This
reduced problems associated with time-space conver-
sion. The emphasis in this paper is the series of elevation
scans that were confined to low levels (i.e., 0.5°, 1°,2°, 3°,
4°,5° and 6°). For more information about the DOWs,
the interested reader is referred to Wurman et al. (1997)
and Wurman (2001).

Photogrammetric analysis is a technique that can ex-
tract quantitative information from a picture such as the
dimensions of a cloud or the condensation funnel ac-
companying a tornado (e.g., Malkus 1952; Rasmussen
et al. 2003; Zehnder et al. 2007). Photogrammetry re-
quires knowledge of the camera location and precise
azimuth angles to targets located on the horizon in the
picture. Spherical trigonometry can then be used to
calculate the effective focal length and the tilt angle of
the camera lens. Once these variables are known, a
complete azimuth- and elevation-angle grid can be
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constructed and superimposed on the photograph. An
examination of the calculated azimuth-angle grid with
known targets on the photograph suggests that errors
range between 0.1° and 0.2°. A general discussion of
photogrammetry can be found in Abrams (1952) and
Holle (1986). Additional discussion of the process used
to analyze the photos shown in this paper is presented in
the appendix.

The photographs shown in this paper were taken from
the same location as the DOW radars. Accordingly, the
azimuth- and elevation-angle grid superimposed onto
the photographs also represents the radar scanning an-
gles. Subsequently, it is possible to select individual ra-
dar reflectivity and Doppler velocity data points (range
gates) for the volume scan encompassing the time of the
photograph and plot them on the picture. Section 4 will
present vertical cross sections that were chosen to slice
through the WEH and the rotational couplet. These
analyses provide the highest possible resolution since
the raw rather than interpolated radar data is used.

3. Environmental conditions, data collection, and
the hook echo

The morning weather briefing on 5 June suggested
possible targets in Colorado and in the eventually cho-
sen region of the Nebraska Panhandle and southeast
Wyoming where the low-level shear combined with mid
and upper-level winds appeared to favor the development
of tornadic supercells. The convective available poten-
tial energy (CAPE) was predicted to be >1500 J kg’
throughout the area. Convective cells began de-
veloping in the early afternoon north northwest of
Cheyenne, Wyoming. By ~2100 UTC, a right-moving
supercell developed north of Cheyenne and was chosen
as the storm that the mobile armada of instruments
would intercept.

Figure 1 shows the initial deployment of DOW6 and
DOWT along an approximate north-south-oriented high-
way in Wyoming in order to collect dual-Doppler data. The
radars were separated by ~15 km. Still photographs were
taken at the same location as the radars as schematically
illustrated in the figure. The hook echo, as outlined by the
45-dBZ isopleth, at 4 times based on low-level scans by the
DOWs is plotted in the figure. A more complete pre-
sentation of the evolution of the hook echo from 2156:08
to 2216:07 UTC is shown in Fig. 2. A WEH is apparent in
most of the low-level scans. The center of the rotational
couplet that is evident in Fig. 2 was plotted in Fig. 1 and
reveals the nonlinear path that the circulation followed
until it dissipated soon after crossing Highway 85. The
motion of the couplet was from ~280° at speeds that
ranged between 9.1 and 9.6 m s~ '. Accordingly, the
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azimuths labeled on photos A, B, and Cin Fig. 1 reveal
that the tornado was heading toward DOW?7.

The surrounding terrain was hilly and relatively bar-
ren. As a result, the tornado did not cause significant
damage based on a poststorm survey. A ground survey
on 6 June followed by an aerial survey on 8 June, how-
ever, revealed a few downed trees, broken branches, and
snapped telephone poles as shown in Fig. 1. The docu-
mented damage, radial velocities recorded by the DOWs,
and in situ measurements by the Tornado Intercept Ve-
hicle (TIV; Wurman et al. 2007¢c) resulted in EF2 rating
for this tornado by the National Weather Service. The
ground survey identified tornadic damage at ~2152 UTC
(Fig. 1) near the location of the rotational couplet well
before the appearance of a funnel cloud and WEH (to be
shown later). The operators of the DOW?7 radar, in-
dependently, reported tornadogenesis at 2152 UTC based
on their real-time estimate of the strength of the couplet
compared with numerous past intercepts of tornadic
storms (i.e.,a40 m s~ ! Doppler velocity difference across
a circulation that is less than 2 km in diameter). The lo-
cation of the tornado at the time of the four photographs
(see Fig. 1) is shown by letter identifiers along the track.

4. Azimuthal shear

An examination of the azimuthal shear accompanying
the rotational couplet during 2156-2217 UTC at low
levels (0.5°) is presented in Fig. 3. There may be differ-
ences noted between the velocity images shown in Fig. 2
and the analysis presented in Fig. 3 due to the different
elevation angles used. The size of the couplet is estimated
based on the distance separating the strongest inbound and
outbound radial velocities within the couplet (AX') and is
plotted in the figure. The azimuthal resolution was in-
creasing during this time period since the tornado was
approaching DOW?7. The dimension of the radar beam-
width is plotted in Fig. 3 to help quantify how the changes
in resolution might impact the shear calculations.

There are two periods of increased azimuthal shear
and contraction of the rotational couplet shown in Fig. 3.
This behavior is qualitatively consistent with the con-
servation of angular momentum as noted by Bluestein
et al. (2003) and in dual-Doppler studies (Wurman et al.
2007a). The first intensification started at ~2159 UTC
and reached a peak at ~2201 UTC. A narrow funnel
cloud formed around 2202:12 UTC and was visible for
~30 s (Fig. 3) while the shear was decreasing in strength.
(Note: the decrease in azimuthal shear was largely a re-
sult of the increase in AX.) The changes of azimuthal
shear at 1° were also examined (not shown) and were
consistent with the findings shown in Fig. 3. As will be
shown later, the data collected at 1° sliced through the
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FIG. 1. Hook echo (1° elevation angle) associated with the LaGrange supercell storm at 2156:07,2204:07,2214:07,
and 2228:05 UTC recorded from the DOW. Magenta dots represent the location of the tornadic rotational couplet
based on low-level scans. Camera sites were collocated with the radars as schematically shown in the figure.
Damage to telephone poles and trees are plotted (explanation of the symbols are shown in the legend). Photographs
of the tornado at four locations along the track are shown (letter identifiers are plotted along the track). Photos A,
B, and C were taken from the DOW?7 location while D was taken from the DOWG6 site. Photos were photo-
grammetrically enlarged or reduced so that the relative dimensions of the tornado can be estimated. The locations
of DOW6 and DOW?7 are shown by the stars. The primary dual-Doppler lobe is plotted.
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FIG. 2. A series of radar reflectivity and single-Doppler base velocities scans at 1° elevation angle from DOW?7 at (a) 2156:08, (b)
2200:08, (c) 2202:09, (d) 2204:08, (e) 2206:10, (f) 2208:11, (g) 2210:10, (h) 2212:10, (i) 2214:09, and (j) 2216:07 UTC. Gray lines denote the
range and azimuth angle grid. The red range ring denotes the location of vertical cross sections shown in Figs. 4-19. The letter *“ X"’ plotted
on the reflectivity scan in (a) is shown in Fig. 4.
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FI1G. 3. Time plot of azimuthal shear (black line) and distance between the maximum and minimum radial velocities
(dashed line) associated with the tornado based on measurements from DOW?7. The beamwidth (in m) at the location of
the tornado is also plotted. Photos taken from the DOW?7 site are shown at 2158:21, 2200:24, 2202:33, 2203:52, 2206:05,
and 2208:30 UTC. This is based on the scan at 0.5°. Times when two funnel clouds were observed are indicated. Photos
were photogrammetrically enlarged or reduced so that the relative dimensions of the tornado can be estimated.

funnel aloft during this time. A time plot of vertical vor- A second period of increased shear began at ~2205 UTC.
ticity at low levels based on dual-Doppler wind syntheses A second funnel was observed to “touch” the ground by
(discussed in Part IT of this series) also confirms the single-  ~2206 UTC and was visible up until the tornado dissipated

Doppler observations shown in the figure. at ~2231 UTC. The azimuthal shear continued to increase
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FIG. 4. (a)—(c) Wide-angle photograph of the LaGrange tornado at 2156:30 UTC. Blue lines in (b) are isopleths of radar
reflectivity with values less than 40 dBZ are shaded light blue. Red lines in (c) are isopleths of single-Doppler velocity.
Solid and dashed lines represent negative and positive velocities, respectively. Additional isopleths of Doppler velocities
have been added (dash—dot lines) in weak gradient regions. The green circle represents the beamwidth of the radar. The
scales labeled in the figures are valid at the distance of the tornado. All wide-angle photographs (Figs. 4,7,9,11, 12,14, and
16) have been enlarged or reduced so that the scales are equivalent (i.e., the relative dimensions of the tornado are equal
when comparing photographs shown in these figures). The letter ‘X labeled in (b) is shown in Fig. 2a.

monotonically during this second phase. This increase
may be partially attributed to improved resolution owing
to the smaller beamwidth resolving higher radial veloci-
ties as the tornado approached the radar. There are two
distinct trends of increased shear after ~2205 UTC. The
first segment (2205-2209 UTC) is associated by both

a decrease in AX and an increase in outgoing and in-
coming radial velocities. This rapid intensification in
shear is shown by the steep slope in Fig. 3. The second
trend is not attributed to a contraction of the rotational
couplet since the distance separating the maximum and
minimum radial velocities remained relatively constant
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FIG. 5. (a),(b) Enlarged photograph of the LaGrange tornado at 2156:30 UTC. Blue lines in
(a) are isopleths of radar reflectivity with values less than 40 dBZ are shaded light blue. Red
lines in (b) are isopleths of single-Doppler velocity. Solid and dashed lines represent negative
and positive velocities, respectively. Additional isopleths of Doppler velocities have been
added (dash-dot lines) in weak gradient regions. The green circle represents the beamwidth of
the radar. The scale labeled in the figures are valid at the distance of the tornado. All zoomed-in
photographs (Figs. 5, 6, 8, 10, 13, 15, 17, 18, and 19) have been enlarged or reduced so that the
scales are equivalent (i.e., the relative dimensions of the tornado are equal when comparing
photographs shown in these figures).The small dots represent the raw data points from DOW7
and the small green dots represent the peak velocities used in Fig. 3.

after 2209 UTC. (It is possible, however, that the actual  visual observations to deduce the strength of the low-
diameter of the vortex could be below the resolution of level azimuthal shear. The first indication of a develop-
the radar data.) The slope of the azimuthal shear versus  ing WEH within the hook echo occurred at 2158 UTC
time is less during this period. The evolution of the first ~ and was clearly identifiable during the scan at 2200 UTC
funnel cloud highlights the tenuous nature of using (Fig. 2).
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Photo: 2158:21

2158:08 - 2158:45 UTC

FI1G. 6. Enlarged photograph of the LaGrange tornado at 2158:21 UTC. Contour description is
the same as in Fig. 5.

5. Vertical cross sections through the tornado

The high-resolution radar data was combined with
a series of still photographs in an attempt to document
the evolution of the tornado’s visual structure in relation
to the radar reflectivity and Doppler velocity fields. The
range to the rotational couplet was determined us-
ing single-Doppler velocity data from DOW?7. At these
ranges, which in some cases varied by a few range gates
at different elevation angles, pseudovertical cross sec-
tions were assembled through the center of the WEH
and the rotational couplet. These cross sections are

along curved surfaces (i.e., constant range) as shown in
Fig. 2. The first analysis time was at ~2156 UTC and the
last analysis time was ~2217 UTC. Since the portion of
the volume scans used in these analyses is ~30 s, the
radar data are less correlated with the photographs for
scans farthest removed from the time of the picture.

a. 2156:08-2156:45 UTC

Two series of cross sections were created for each
radar volume scan. One was based on a wide-angle view
of the visual features below the cloud base and a second
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FIG. 7. Wide-angle photograph of the LaGrange tornado at 2200:24 UTC. Contour description is the same as
in Fig. 4.

was a magnified view that would reveal the details of the
developing and mature stages of the tornadic circula-
tion. The wall cloud and a funnel aloft are apparent
during the first volume scan at 2156:08-2156:45 UTC
(Fig. 4). The southern edge (left in the picture) of the
wall cloud was ~400 m below cloud base and the lower
tip of the funnel was ~200 m above ground level (AGL).
A visual rain shaft was located north of the funnel cloud
(281°-283° azimuth) and was embedded in radar re-
flectivity >50 dBZ. The funnel was centered near the

0 m s~ ! isopleth of Doppler velocity (Fig. 4c).' The lo-
cation of the curtain of precipitation that connects the
hook echo with the main storm is shown (label “X”’) in
Figs. 2a and 4b. This curtain is positioned near the south-
ern edge of the wall cloud (Fig. 4b) where precipitation

! The tornado-relative single-Doppler velocities can be approxi-
mated by adding ~10 m s~ * to the velocity field shown in Fig. 4b owing
to the motion of the circulation toward the radar (9.1-9.6 m s~ 1).
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Photo: 2200:24
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FIG. 8. Enlarged photograph of the LaGrange tornado at 2200:24 UTC. Contour description is
the same as in Fig. 5.

was not visually apparent even though the values of radar
reflectivity were between 40-50 dBZ. This observation
suggests that the echo return could have been a result of
a sparse collection of large hydrometeors.

An enlargement of the analysis at 2156:08-2156:45 UTC
centered on the funnel cloud is shown in Fig. 5. The
positions of the raw values of radar reflectivity and
Doppler velocity are plotted as dots on the figure. The
green dots at the 0.5° elevation angle represent the
maximum/minimum values within the rotational couplet
that were used to calculate the azimuthal shear shown in
Fig. 3. The DOW?7 radar beamwidth has been added to

all vertical cross sections shown in this section. Azi-
muthal oversampling resulted in horizontal spacing of
the raw data less than the beamwidth.

b. 2158:08-2158:45 UTC

The first suggestion of the formation of a region of weak
echo within the hook was observed during the 2158:08—
2158:45 UTC volume scan (Fig. 6). The region is denoted
by a vertical trough of radar reflectivities <50 dBZ. Two
pockets of reflectivities <45 dBZ are evident in Fig. 6a.
The horizontal gradients of single-Doppler velocities have
increased (Fig. 6b), but they appear in two separate
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F1G. 9. Wide-angle photograph of the LaGrange tornado at 2202:33 UTC. Contour description is the same as in Fig. 4.

locations. One area is below the 1° elevation angle where
the shear is strongest in the northern section of the weak-
echo region while it occurs to the south at higher levels. The
appearance of a weak-echo region before vortex-scale col-
lapse and significant rotation intensifies (Fig. 3) is surprising
and suggests that centrifuging of hydrometeors occurs more
rapidly than previously suggested (Dowell et al. 2005).

c. 2200:08-2200:44 UTC

A WEH (qualitatively defined as the area <40 dBZ
embedded within the circulation) was clearly evident by

the 2200:08-2200:44 UTC volume (Fig. 2b) and is tilting
to the north with increasing height (Figs. 7b and 8a). The
diameter of the WEH decreases with increasing height
and the minimum values within the hole are near the
surface (<30 dBZ). Precipitation can be seen within and
extending beyond the wall cloud (Fig. 7). The tube of
high reflectivity (>50 dBZ) that comprised the hook
echo (Fig. 2¢) approximately surrounds the wall cloud
during this time (Fig. 7b). The WEH and the rotational
couplet are centered on the lowered cloud feature
pendant from the wall cloud (Figs. 7 and 8). The rotation
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FI1G. 10. Enlarged photograph of the LaGrange tornado at 2202:33 UTC. Contour description is
the same as in Fig. 5.

has increased as measured by the azimuthal shear at low
levels (0.25 s™!; Fig. 3) and the increased gradient of
Doppler velocities shown in Figs. 7c and 8b.

d. 2202:08-2202:45 and 2204:08-2204:45 UTC

A narrow funnel cloud with a diameter of 3040 m
formed at 2202:33 UTC (Figs. 9 and 10). The WEH wid-
ened and minimum radar reflectivity values were still near
the surface (<15 dBZ). The asymmetry in single-Doppler
velocities exhibited by the rotational couplet (Fig. 10b) is
in large part owing to the translation of the tornado to-
ward DOW7 mentioned earlier. The narrow funnel was

a transient feature and dissipated by the next volume scan
(Fig. 11). The minimum radar reflectivity within the WEH
remained near the surface, but the area <15 dBZ grew in
depth to ~450 m. Similar to the analysis presented in
section Sc, the largest diameter of the WEH is near the
surface and narrows with increasing height.

e. 2206:10-2206:46 and 2208:11-2208:47 UTC

The azimuthal shear began to increase dramatically
after ~2205 UTC (Fig. 3) and was accompanied by the
development of a second funnel cloud that reached the
surface (Fig. 12). The visual appearance of the precipitation
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F1G. 11. Wide-angle photograph of the LaGrange tornado at 2203:52 UTC. Contour description is the same as
in Fig. 4.

encompassing the funnel (Fig. 12) is consistent with the
tube of high reflectivity surrounding the WEH (Figs. 2e
and 12b). The diameter of the WEH (~600 m) was
much larger than the funnel. The region of radar re-
flectivity <15 dBZ extends to a higher altitude sug-
gesting that centrifuging of hydrometeors increased
owing to stronger rotation. A major structural change
within the WEH near the surface has occurred during
this time. The radar reflectivities are now greater than
20 dBZ and the minimum radar reflectivities denoted

by the 15-dBZ contour are now aloft (Figs. 12b and
13a). This increase in echo intensity at low levels may
have been a result of lofted debris from the surface al-
though none was visually apparent in the photograph.
The strongest rotation associated with the tornado is
concentrated in the lowest few hundred meters as in-
dicated by the intense positive and negative values of
Doppler velocity (Figs. 12c and 13b).

The funnel cloud and the WEH continue to increase
in diameter by the 2208:11-2208:47 UTC volume scan
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FIG. 12. Wide-angle photograph of the LaGrange tornado at 2206:05 UTC. Contour description is the same as in Fig. 4.

(Figs. 14 and 15). The vertical structure of the WEH is
“pear shaped” (Figs. 14b and 15a) similar to the results
presented by Bluestein et al. (2004) but different than the
more “U shaped” profiles shown by Wurman et al. (1996b)
and Wurman and Samaras (2004). The wide-angle photo
taken at 2208:17 UTC (Fig. 14) highlights a discontinuity in
the funnel cloud at ~200 m where it widens abruptly. It is
possible that this visual feature demarcates the top of the
strong inflow layer where convergence leads to intense
rotation as suggested by depth of the rotational couplet in
Fig. 14c. This discontinuity is less apparent in a zoomed-in

photograph taken a few seconds later at 2208:30 UTC
(Fig. 15). The Doppler velocity analysis shown in Figs. 14c
and 15b is the first to suggest the existence of a second
rotational couplet aloft located within the cloud. This fea-
ture was also apparent during the 2210:10-2210:46 UTC
scan volume (not shown). The decrease in rotational
velocities at ~500 m between the low- and upper-level
couplets may be related to air being forced radially out-
ward from the tornado center at a location above the
intense inflow as suggested by Bluestein et al. (2007a) and
numerically simulated by Lewellen et al. (2000).
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F1G. 13. Enlarged photograph of the LaGrange tornado at 2206:05 UTC. Contour description is
the same as in Fig. 5.

fo 2212:10-2212:46, 2214:09-2214:45, and
2216:08-2216:45 UTC

The tornado is embedded in heavy precipitation as
shown in the wide-angle photograph taken at 2211:58 UTC
(Fig. 16).? There is good agreement between the pre-
cipitation seen in the photograph and the superimposed

2 The contrast/brightness of the photos shown in Figs. 16-20
have been adjusted to highlight the condensation funnel structure.
As a result, the contrast of the precipitation shaft may be reduced.

echo associated with the hook echo (Figs. 2h and 16b).
Note the slope of the isopleths of radar reflectivity be-
tween 267° and 271° and the precipitation shaft in the same
region. The increase of the radar reflectivity within the
WEH at low levels has continued with echoes >45 dBZ
centered at the location of the funnel (Figs. 16b and 17a).
The resultant structure can be described as a couplet of
high/low radar reflectivity in the vertical. This increase in
echo return within the WEH with time can also be seen by
comparing the low-level scans shown in Figs. 2f—j. Once
again, this is suggestive of debris being lofted from the
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FIG. 14. Wide-angle photograph of the LaGrange tornado at 2208:17 UTC. Contour description is the same as
in Fig. 4.

ground (debris does seem to be apparent from 281° to 282°
in Fig. 17).

The rotational couplet at low levels continues to in-
tensify with velocities now less than —50 m s~ ' and
greater than 30 m s~ ' toward and away from the radar,
respectively (Figs. 16c and 17b). The rotational speeds
first decrease above this level before increasing in strength
between 5° and 6° in elevation angle (Fig. 17b), similar to
the velocity structure shown in the previous section. The
near-surface structure of the WEH continues to evolve

and shows a tapered structure with weaker echoes (i.e., a
trough) extending to the surface during the 2214:09-2214:
45 UTC volume scan (Fig. 18a). Interestingly, a signature
feature of the hook echo, as reported in the literature, is
a tube of high reflectivity that is tapered at the bottom
(e.g., Wurman and Gill 2000; Dowell et al. 2005). The
results shown in Fig. 18a are the first analysis time when
the region of high reflectivity exhibits a narrowing near
the surface. It is possible that the tornado was moving over
a region that was devoid of debris scatterers during this
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Photo: 2208:30

FIG. 15. Enlarged photograph of the LaGrange tornado at 2208:30 UTC. Contour description is
the same as in Fig. 5.

time. Centrifuging would result in the axis of weak echoes
extending to the surface. The rotational speeds continue
to increase with Doppler velocities toward the radar less
than —60 m s~ ! (Fig. 18b). The strongest velocities were
continuously recorded outside of the visible condensa-
tion funnel at the lowest elevation angle for all analysis
times.

The echo structure changes again during the next
volume scan (2216:08-2216:45 UTC). Higher radar re-
flectivities >45 dBZ were centered on the funnel cloud
at lowest levels suggesting the presence of debris parti-
cles (Fig. 19a). The area encompassed by the 45-dBZ

isopleth is 500 m wide and is surrounded by an annulus
of weaker echoes seen at 270° and 279°. This is the time
that the hook began to exhibit a double-ring structure
that is discussed in more detail in the next section. The
two intense rotational couplets in the vertical are
prominent features in Fig. 19b. One of the couplets is
located near the surface and the other is located be-
tween the 4° and 5° elevation angles. To the authors’
knowledge there have been three other case studies that
have shown rotational couplets near the surface and
aloft associated with a tornado (Wurman and Gill 2000;
Dowell et al. 2005; Kosiba et al. 2008).
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Photo: 2211:58

FIG. 16. Wide-angle photograph of the LaGrange tornado at 2211:58 UTC. Contour description is the same as in
Fig. 4. Radial velocities less than —50 m s~ ' are shaded light red.

g. Double-ring structure within the hook echo

Wurman et al. (1996a,b) and Wurman and Gill (2000)
were among the first to report a double-ring structure
within a hook echo. They proposed that the inner ring
was associated with debris lofted from the ground while
the outer ring was associated with precipitation. Addi-
tional reports in the literature of a double-ring structure
include Wurman et al. (2007a), Tanamachi et al. (2007),
and Kosiba et al. (2008). Bluestein et al. (2007b) used

dual-polarization measurements at the X band to show
convincing evidence that the inner ring of a hook echo
was likely the result of debris particles.

DOWT7 recorded a double-ring structure in the low-
level scans of the LaGrange tornado during 2216:51—
2217:06 UTC (Fig. 20a). The scan at 2° clearly shows an
inner ring with a small WEH embedded within the
larger hook echo and the funnel cloud. The small WEH
is not apparent at 0.5°. The velocity differential across
the tornado was ~105 m s~ ! at this time (Fig. 20d). The
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F1G. 17. Enlarged photograph of the LaGrange tornado at 2212:03 UTC. Contour description is
the same as in Fig. 5. Radial velocities less than —50 m s~ ! are shaded light red.

weak-echo trench surrounding the inner ring is denoted
by the letter identifiers in Figs. 20a,c. There is a re-
duction in the diameter of this trench with increasing
height (the radar did not scan the tornado at elevation
angles greater than 3° during this volume).” It appears
that debris visually apparent between 272° and 278° (Fig.
20b) is associated with radar reflectivities >45 dBZ. The

3 An inspection of the next radar volume scan that started at
2218:08 UTC confirmed that the double-ring structure did not ex-
tend to the 3° elevation angle.

possible existence of lofted debris based on an exami-
nation of the high-definition video was inconclusive.
Dowell et al. (2005) proposed that lofted debris and
hydrometeors exhibit outward motion within a matter of
a few tens of seconds. This results in a decrease in their
number concentration within the tornado core (i.e., the
appearance of a WEH) and increases their concentra-
tion somewhat outside the core. This scenario would
describe the echo pattern shown in Fig. 20c. It is in-
structive to compare the radar reflectivities at 2° with
those observed during the previous volume (shown in
Fig. 19). The minimum dBZ values within the WEH in
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Photo: 2214:01
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FIG. 18. Enlarged photograph of the LaGrange tornado at 2214:01 UTC. Contour description is
the same as in Fig. 17.

Fig. 19 are <15 dBZ while they are <20 dBZ in Fig. 20.
This suggests that some debris is present near the center
axis of rotation at the later time.

6. Summary and conclusions

The current study presents a single-Doppler ra-
dar analysis combined with cloud photography of the
LaGrange tornado on 5 June 2009 in an attempt to relate
the hook echo, weak-echo hole (WEH), and rotational
couplet to the visual characteristics of the tornado. The
DOW radars set up out ahead of the supercell storm

along a north—south highway. The radars collected high-
resolution data on the wall cloud and the tornado. The
tornado damage was not extensive based on a poststorm
survey and led to an EF2 rating. Tornadogenesis is be-
lieved to have occurred at 2152 UTC based on the con-
firmed tornadic damage at the ground combined with the
single-Doppler velocities within the rotational couplet
observed by the DOW radar. The circulation at low levels
went through two intensification periods based on azi-
muthal shear measurements. The first intensification was
followed by the appearance of a brief funnel cloud. The
second intensification was coincident with the appearance
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2216:08 - 2216:45 UTC Photo: 2216:23

2216:08 - 2216:45 UTC Photo: 2216:23

b

F1G. 19. Enlarged photograph of the LaGrange tornado at 2216:23 UTC. Contour description is
the same as in Fig. 17.

of a second funnel cloud that remained in contact with the  before the appearance of a funnel cloud. Dowell et al.
ground until the tornado dissipated. (2005) proposed that a distinctive tornadic signature

A weak-echo region within the hook echo formed at is the presence of a WEH within the hook and a tube
2158 UTC and a WEH was clearly apparent by 2200 UTC  of high reflectivity that is tapered near the surface. The

—

FIG. 20. (a) Low-level scans of Doppler velocity and radar reflectivity at 0.5° and 2° recorded by DOW7. (b)
Photograph of the LaGrange tornado at 2216:41 UTC. (c) Radar reflectivity superimposed onto the photograph.
Values less than 40 dBZ are shaded light blue. (d) Single-Doppler velocities superimposed onto the photograph.
Solid and dashed lines represent negative and positive velocities, respectively. Values less than —50 m s~ ! are
shaded light red. The green circle represents the beamwidth of the radar. Letter identifiers denoting the position of
the weak-echo region are plotted in (a) and (c). The scale labeled in the figures is valid at the distance of the tornado.
The small dots represent the raw data points from DOW?7.
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FIG. 21. Schematic models summarizing some of the observations from the LaGrange tornado. (a) Vertical profile
of radar reflectivity through the inner ring of the hook echo. The black dashed lines represent the locations of scans
through the tornado. Hypothetical low-level scans of radar reflectivity are shown by the two images on the right. Low
values of radar reflectivity are shaded light blue. (b) Vertical profile of the tangential velocities. Strong rotational
couplets are observed near the surface and aloft. Weaker velocities are observed in between and may be related to air
being forced radially outward from the tornado center at a location above the intense inflow as shown by the black

arrows.

tornado is often associated with higher reflectivity near
the surface, consistent with Wurman et al. (1996a,b)
among others. In contrast, Bluestein et al. (2004) described
a pear-shaped echo structure near the surface. In addition,
bulges in the WEH have been reported by Bluestein et al.
(2007a).

The echo pattern through the hook echo on 5 June
undergoes a dramatic evolution that appears to be dif-
ferent than these past investigations. Initially, the min-
imum radar reflectivities are near the surface (<15 dBZ)
and the WEH does not suggest a tapered structure near
the ground. Subsequently, higher reflectivities appear near
the surface when the funnel cloud makes contact with the
ground. During one analysis time, the increase of the radar
reflectivity within the WEH at low levels results in a cou-
plet of high/low radar reflectivity in the vertical. This in-
crease in echo at low levels is believed to be associated
with lofted debris although none was visibly apparent until
the later analysis times. This observation is not surprising
owing to the lack of damage indicators over the relatively
barren terrain. The WEH was nominally wider than the
visible funnel cloud.

The dataset provided the first detailed analysis of the
double-ring structure within a hook echo that has been
reported in several studies. The inner high-reflectivity
region is believed to be a result of lofted debris. At
higher elevation angles, a small WEH appeared within
the high-reflectivity region owing to centrifuging of de-
bris as schematically shown in Fig. 21a. Accordingly,
both the inner and outer WEHS can be attributed to
centrifuging.

A feature noted in past studies showing high-resolution
vertical cross sections of single-Doppler velocity is an

intense couplet of negative and positive values in the
lowest few hundred meters. This couplet was also evi-
dent in the analysis of the LaGrange tornado. The
couplet was asymmetric with stronger negative veloci-
ties owing to the motion of the tornado toward the radar.
However, another couplet indicating strong rotation was
also noted aloft in a number of volume scans. The de-
crease in rotational velocities between the low- and
upper-level couplets may be related to air being forced
radially outward from the tornado center at a location
above the intense inflow as summarized in Fig. 21b.
The results presented in this paper are based on data
collected during year one of VORTEX2. Part II of this
series of papers will compare the evolution of the dual-
Doppler wind fields with the visual characteristics of the
tornado. Data collected with a passive phased array ra-
dar, the Rapid-Scan DOW (Wurman et al. 2008) in the
LaGrange tornado are in the process of being analyzed.
In the second year of the field experiment it is hoped to
collect high-resolution data using the DOWSs rapid-scan
phased array radars, and the recently installed dual-
polarization capability. The latter would substantially aid
in the interpretation of lofted debris as shown by Bluestein
et al. (2007b). This information combined with detailed
aerial and ground damage surveys will advance our un-
derstanding of the low-level structure of tornadoes.
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APPENDIX

Cloud Photogrammetry

The focal length of the lens for the wide-angle and
zoomed images was 24 and 105 mm, respectively. A 360°
panorama was taken from the photo site. The azimuth
angles from the site to several landmarks were calcu-
lated using GPS and U.S. Geological Survey (USGS)
topographic maps. These landmarks were identified on
the panorama and also on the individual photographs of
the wall cloud and tornado. An azimuth- and elevation-
angle grid was calculated based on the known focal
length and azimuth angles to the landmarks. These de-
rived azimuth angles were within 0.1°-0.2° of the known
landmarks. The distance to the tornado for the photos
shown in this paper ranged from 5 to 17 km. The pho-
tographer was positioned within a few meters of the
radar dish to minimize the azimuth-angle errors owing
to the photo site not being collocated with the radar.

Wide-angle photos can be characterized by significant
distortion at the corners of an image. This effect was
minimized by the quality of the camera lens and limiting
the analysis region presented in the figures to, at most,
40% of the total image size. This region was also located
in the center of the photo. Accordingly, the areas of the
photograph that might be expected to experience the most
distortion were excluded. The time interval between pho-
tographs was variable but the average was ~12 s. To cap-
ture the evolution of the condensation funnel that can
change significantly over a few seconds a high-definition
video was also recorded at the same location. Important
changes in the condensation funnel cloud are noted in the
manuscript (e.g., differences highlighted in Figs. 14 and 15).

The motion of the tornado can introduce errors in the
analyses even if the elapsed time for the radar scans is
~30 s. To correct for this effect, the radar data was shifted
using a time—space conversion based on the tornado
motion in the plane of the photograph. The time of the
photograph was used as the analysis time.
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Difficulties often encountered when comparing storm-
intercept photographs are the different camera loca-
tions, focal length of the lens, and varying distances to
the tornado. These factors can lead to erroneous per-
ceived changes in the funnel width, for example. The su-
perimposed photogrammetric angles on the pictures and
the exact radial distance to the tornado based on the radar
data provided a solution to this problem. This information
was used to either enlarge or reduce the pictures so that the
relative dimensions of the tornado were equal as shown
in Fig. 1 and other figures presented in this manuscript
(e.g., Figs. 3; Figs. 4,7,9, 11, 12, 14, and 16; Figs. 5, 6, 8, 10,
13,15,17,18, and 19). These adjustments allow for a direct
comparison of the tornado dimensions between photos.
The largest condensation funnel width at 2209:58 UTC was
~600 m just below cloud base in Fig. 1.
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