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1. Introduction

Hook echoes and their associated rear-flank downdrafts are
well-known to be closely associated with the development of
near-ground rotation in supercells, a prerequisite for tornado-
genesis. Fujita (1958), in a study of the Champaign, IL tornado
of 9 April 1953, illustrated the formation of the appendage,
commonly referred to as the hook echo, observed in radar ob-
servations of supercells. At the time, Fujita hypothesized that
the hook echo formed as precipitation was advected around a
supercell’s rotating updraft. Browning (1964, 1965) also did pi-
oneering work on supercells and hook echoes. Figure 1 (from
Browning 1965) schematically depicts the appearance of a su-
percell and development of the hook echo on radar that oc-
curred on 26 May 1963 near Oklahoma City. Browning (1965)
described the embryonic hook as a “finger of echo” at the rear
of the supercell. Due to the rotating updraft, the finger begins
to turn toward the storm’s right flank and is then called a pen-
dant echo (Browning 1965). As the leading edge of the pen-
dant echo continues to curl cyclonically, a classic hook echo is
formed. The idea that a hook echo forms as hydrometeors from
a supercell’s main echo region are advected toward the storm’s
rear by the rotating updraft has generally been accepted for the
past 40 years.

Garrett and Rockney (1962) noted that small echo dots,
termed “annular sections of a storm vortex cylinder” (asc’s),
were occasionally located at the tip of a hook echo and believed
these dots to be a radar representation of debris resulting from
a tornado. However, it has been shown in a study of storms
from the Super Outbreak of 1974 that a majority of echo dots
were not accompanied by a tornado, thus it is unlikely they are
a radar signature of debris (Forbes 1981). Forbes (1981) also
stated that some of the echo dots morphed into the hook echo
itself.

Rasmussen et al. (2006), hereafter RSGD06, show examples
of hook echoes that form when descending reflectivity cores
(DRCs) reach the low levels. It has been suggested that some
of the asc’s previously cited in the literature may be a mani-
festation of the DRC (RSGD06), described as a “blob” of en-
hanced radar reflectivity that descends from the rear of the echo
overhang in the right-rear quadrant of a supercell. RSGD06
describe the appearance of a DRC on a three-dimensional iso-
surface of reflectivity as a protuberance pendant from the echo
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FIG. 1. Schematic diagram depicting the formation of a hook echo as
observed by radar [from Browning (1965)].

overhang that descends with time (as in Fig. 2b, d, and f). On
a constant elevation scan, a DRC can be identified as a local-
ized “hot spot” of higher reflectivity initially detached from the
main supercell (Fig. 2c), even though it may become attached
with time, resulting in a hook echo (Fig. 2e). DRCs are accom-
panied by enhanced rear-to-front flow when they reach the sur-
face, likely a result of vertical westerly momentum advection
from aloft to the ground (RSGD06). One question that arises
from the RSGD06 study is the degree to which observations of
DRCs and hook echo formation are sensitive to the space and
time resolution of the radar, as the DRCs were 100 km from the
radar, on average, and sampled at 5-6 minute intervals, which
is perhaps a relatively long sampling interval compared to that
of today’s mobile research radars.

The purpose of this preprint is to examine mobile Doppler
on Wheels (DOW) observations of DRCs. Whereas WSR-88D
radars usually sample a storm over its entire depth and pro-
vide an observational context, DOW data have much finer spa-
tial (assuming DOWs tend to be much closer to storms than
a WSR-88D radar) and temporal resolution that enables a de-
tailed picture of the formation and evolution of the hook echo
and DRC in the lower levels of a supercell. In addition to the
limits on the vertical extent of DOW observations, another pos-
sible weakness in using DOW data is attenuation if a storm
is sampled at an unfortunate angle (i.e. through the precipi-
tation core such that the beams pass through heavy precipita-
tion); however, this latter limitation was not encountered in the
present study.



FIG. 2. Reflectivity from the0.5◦ elevation scan collected by the SPOL
radar at 22:44:56 UTC, 22:50:51 UTC, and 22:56:45 UTC is shown in
(a), (c), and (e), respectively. The 25 dBZ reflectivity isosurfaces at the
corresponding times are presented in (b), (d), and (f). The isosurfaces
are viewed at an angle from the south of the storm. The arrow repre-
senting the length scale below the panels with reflectivity isosurfaces is
approximately valid at the echo centroid.

2. Data and methodology

WSR-88D data collected in supercells at the time of hook echo
formation were analyzed to verify the presence of a DRC. A
DRC was observed by the WSR-88D in a supercell that formed
on 29 May 2001 and was also observed by the DOW radars.
The main diagnostic tool for determining the presence of DRCs
is three-dimensional isosurface renderings of radar reflectivity.
A series of these isosurfaces allows the investigator to deter-
mine if a reflectivity protuberance from the echo overhang ex-
ists and descends with time. The reflectivity isosurfaces that
best elucidate the evolution of the DRC are presented here with
viewing angles strategically chosen to highlight the important
details. In order to create three-dimensional reflectivity isosur-
faces, DOW reflectivity fields were objectively analyzed to a
grid using the Barnes objective analysis scheme (Barnes 1964).
The radar data generally extend upward to a height of about
2.5 km above radar level, with some variability, depending on
range from the radar.

In the case of 29 May 2001, the DOW data were objectively
analyzed to a Cartesian grid of dimensions 21×24×4 km with
a uniform grid spacing of 100 m. The smoothing parameter,
κ, selected was 0.10 km2 and the cutoff radius was 0.707 km
(Pauley and Wu 1990). A reference frame correction was per-
formed by following a reflectivity feature in time to determine
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FIG. 3. 0.5◦ elevation scans of reflectivity from the WSR-88D at
KAMA depicting hook echo formation at 22:28:50, 22:33:49, and
22:38:49 UTC in panels (a), (c), and (e), respectively. Panels (b), (d),
and (f) are1.2◦ elevation scans of reflectivity from DOW3 at nearly
the same times. The heavy dashed box in (a), (c), and (e) indicates the
DOW3 data domain.

a reference velocity, then correcting all data points in a radar
volume to their position at a centralized time. The reference
velocity used for the DOW data from 29 May was from250◦

at 10.8 m s−1.

3. Results and discussion

Figure 3 displays plan position indicator (PPI) scans of radar
reflectivity from the KAMA WSR-88D and DOW3 at corre-
sponding times on 29 May 2001. The radars depict similar
DRC and hook echo evolution. Initially, a higher region of re-
flectivity exists near, but somewhat detached from, the main su-
percell echo on low elevation scans. This echo is what RSGD06
describe as the “hot spot” of higher reflectivity that appears on
a constant elevation scan. Several minutes later, at about 22:34
UTC, this localized area of higher reflectivity appears to con-
nect with the main supercell echo region. At this time, there
still are several gates of higher reflectivity embedded within the
early hook echo but somewhat detached from the main storm.



FIG. 4. A time series of the 39 dBZ reflectivity isosurface on WSR-88D data collected by the KAMA radar at the same times as in Fig. 3 (a), (c),
and (e) on 29 May 2001. The view of the storm is from the southeast. The arrow representing the length scale is approximately valid at the echo
centroid.

Approximately 5 minutes later, the hook echo evolution is com-
plete, with a classic hook echo apparent on low level PPI scans.

An examination of three-dimensional reflectivity isosurfaces
from the WSR-88D at the same times as the PPI data confirms
the descent of a finger of higher reflectivity from the echo over-
hang as required of a DRC (Fig. 4). At 22:28:50 UTC, a signif-
icant area of higher reflectivity is apparent about 8 km AGL
in the storm’s right-rear flank (Fig. 4a). Five minutes later,
this finger of reflectivity is progressing toward the ground. By
22:38:49 UTC, DRC and hook echo evolution is complete with
the 39 dBZ reflectivity isosurface in Fig. 4 having an appear-
ance very similar to the reflectivity isosurfaces presented in
RSGD06.

A much more detailed account of DRC evolution in the low
levels is gained by examining three-dimensional reflectivity
isosurfaces from 22:29:17 through 22:32:48 UTC on 29 May
2001 from the DOW3 (Fig. 5). At 22:29:17 UTC, a relatively
thin echo extension resides a few kilometers above the ground
(Fig. 5a). Just over a minute later, many more of these echo ex-
tensions are present and it appears they are descending toward
the ground. The appearance of the DRC as multiple cores of
enhanced reflectivity on the DOW3 radar platform is likely a
result of its higher resolution, which is capable of sensing re-
flectivity variations on a much smaller spatial scale than can
the National Weather Service surveillance radar, which is at a
greater range to the target. By 22:31:38 UTC, the reflectivity
appendage continues its descent toward the ground and appears
similar to the DRCs RSGD06 observed with WSR-88D data,
having continuity in the vertical over the lowest 3 km and taper-
ing toward the ground. By 22:32:48 UTC, the appendage has
reached the ground and DRC evolution is complete (Fig. 5d).

The much finer temporal resolution afforded by DOW data
allows for a more accurate determination of the DRC’s evolu-
tion in the lowest few kilometers. However, it should be noted
that the choice of reflectivity isosurface viewed can lead to dif-
ferent interpretations with regard to the evolution, and even
the presence, of a DRC. Comparisons between the two radars
are complicated by the fact that DOW reflectivities are uncal-
ibrated; therefore, it is very hard to choose equivalent reflec-
tivity isosurfaces for both. For instance, a reflectivity isosur-

FIG. 5. A time series of the 15 dBZ reflectivity isosurface from the
DOW3 on 29 May 2001 at 22:29:17 (a), 22:30:28 (b), 22:31:38 (c),
and 22:32:48 UTC (d). The view of the storm is from the southeast.
The arrow representing the length scale is approximately valid in the
vicinity of the DRC.

face can be plotted using DOW data that shows DRC evolu-
tion complete by 22:33 UTC for the 29 May case, with the
appendage reaching the ground only minutes earlier (Fig. 5).
However, inspection of the 39 dBZ reflectivity isosurface from
the WSR-88D suggests the DRC contacts the ground some-
where in the time range of 22:33:49 UTC and 22:38:49 UTC.
Most of this time difference may be attributable to the choice of
isosurface and the difficulty in choosing equivalent reflectivity
isosurfaces in both the WSR-88D and DOW data. Indeed, in-
spection of smaller-valued reflectivity isosurfaces using WSR-
88D data does indicate reflectivity present closer to the ground
at 22:33:49 UTC than shown in Fig. 4. Other examples of the
variability associated with isosurface choice will be examined
further at the conference.

One observation of interest is the change in azimuthal shear
near the ground with the descent of the DRC. An examination
of azimuthal shear at 1.0 km AGL on 29 May using DOW3



FIG. 6. A composite showing azimuthal shear (s−1) (color-filled) at
1.0 km AGL and reflectivity at 1.1 km AGL (solid black contours at an
interval of 8 dBZ) from the DOW3 on 29 May 2001. The times shown
are 22:28:07, 22:32:48, 22:36:19, and 22:43:18 UTC in (a), (b), (c),
and (d), respectively.

data shows little change in the azimuthal shear during the time
of DRC descent (Figs. 6a, b). It is not until approximately 5
minutes after the DRC reaches the surface that the DOW3 data
show a considerable azimuthal shear increase near the ground
(Fig. 6d). This DOW-indicated increase in rotation was also
observed visually at this time during the ROTATE field experi-
ment by one of the investigators (YR). PPI scans of radar reflec-
tivity indicate the formation of a classic hook echo happening
in concert with the increase in low level azimuthal shear, likely
a result of increased storm rotation deforming the shape of the
radar echo (Fig. 6d). In contrast, RSGD06 found a low level
rotation increase occurring simultaneously with the descent of
the DRC in some cases. It is possible that the DOW3 data, with
its finer temporal resolution, enabled the detection of this small
time delay. The WSR–88D, given its time resolution, may be
unable to sense this delay and gives the appearance of the low-
level rotation increase happening concurrently with DRC ar-
rival. This finding of a time delay between the DRC descent
and the low-level azimuthal shear increase in the DOW3 data,
if sampled in a significant number of other cases, may sug-
gest a process of low-level rotation amplification that involves
multiple steps (e.g. downward momentum transfer/vortex line
tilting, followed by vorticity stretching).

4. Final comments and future work

DOW observations of hook echo formation, including addi-
tional observations in several cases not shown in this preprint,
indicate the process can be exceedingly complex. Hook echo

formation in many instances is not only a result of hydrom-
eteors being horizontally advected out of the main supercell
echo [as concluded by Fujita (1958) and Browning (1965)] or
precipitation cascading down the rear side of an updraft (as in
RSGD06). Instead, some observations suggest horizontal pre-
cipitation advection and DRCs may form a continuum whereby
each process contributes in varying degrees to the formation of
a hook echo. This will be addressed at the conference.

Several outstanding questions should be addressed in future
research. Knowledge of the physical and dynamical processes
that can lead to DRC formation, or the appearance of DRC for-
mation, must be established. A better understanding of the rel-
ative roles horizontal precipitation advection and DRCs play in
hook echo formation might be of interest as well. Finally, do
differences in the mechanisms by which hook echos form have
significance? RSGD06 suggest that the presence of a DRC may
imply a heightened tornado threat. Verification of this asso-
ciation could lead to an improvement in the tornado warning
process.
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