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Fine-Scale Doppler Radar Observations
of Tornadoes

Joshua Wurman,* Jerry M. Straka,* Erik N. Rasmussen

Observations obtained with a mobile pencil-beam Doppler radar revealed many previ-
ously unresolved structures within tornadic storms and tornadoes and helped verify
various aspects of conceptual models. Radar data from the parent circulations indicate
the existence of spiral reflectivity bands, intense radial wind shear zones, and multiple
larger-scale velocity maxima. Tornado structures observed include debris shields, clear
axial (eye) regions, multiple reflectivity bands surrounding the center of the eye, and
occasional reflectivity protrusions into the eye. Velocity and reflectivity data from tor-
nado-scale circulations show evidence of axial downdrafts.

A widely accepted conceptual model of the
flow regions in and around a tornado (Fig.
1) has been developed over the past two
decades on the basis of numerous theoreti-
cal, numerical, and observational studies
(1-6). The vortex of the tornado is embed-
ded in a swirling, rising outer-flow region
(region I), which usually is associated with
the parent thunderstorm mesocyclone on a
larger scale (radius 5 to 10 km) and with the
tornado cyclone on a somewhat smaller
scale (radius 1 to 3 km). The flow approx-
imately conserves angular momentum in
this region. The core region of the tornado
(region II) is thought to be nearly axisym-
metric and is characterized by flow that
spirals radially inward and upward. This
region extends out to about the radius of
the maximum tangential winds. The winds
in this regime are approximately in cy-
clostrophic balance (a balance between the
horizontal pressure gradient force and the
centrifugal force), which helps suppress tur-
bulence and radial flow. Cyclostrophic pres-
sure deficits associated with stronger rota-
tion in the lower levels than in the upper
levels can accelerate the movement of air
downward along the central axis. The cor-
ner-flow region in the tornado (region III)
is characterized by intense, frictionally in-
duced, radial inflow that must turn abruptly
upward, owing to vertical pressure gradi-
ents, before reaching the axis. In the surface
boundary layer region (region IV), friction
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produced by the lower boundary (the
Earth’s surface) retards the rotating flow.
This disrupts the cyclostrophic wind bal-
ance, and flow accelerates radially inward
toward the axis of rotation. Finally, the
convective plume region (region V) is
where angular momentum concentrated in
the lower levels of the tornado circulation is
transported outward by divergence or tur-
bulence. Up to this time, observations to
verify this conceptual model of a tornado
have been unavailable.

In this report, we present close-range (2
to 6 km), fine-scale resolution volume (50
to 130 m), 3-cm band radar reflectivity and
pulsed Doppler weather radar observations
of a violent tornado that were obtained as
part of the Verification of the Origins of
Rotation in Tornadoes Experiment (VOR-
TEX) field program (7). Earlier pulsed
Doppler radar observations of tornadoes
have been at more distant ranges (12 to 60
km), resulting in wider resolution volume

II

Bt S et e

Fig. 1. Conceptual model of the flow regimes
associated with a tornado: region I, outer flow;
region |I, core; region |li, corner; region IV, surface
boundary layer; region V, convective plume (7-6).
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widths (200 to 1000 m) that are too large to
resolve detailed structures (8). Wide-beam,
continuous-wave Doppler measurements of
tornadoes have been made at ranges of 2 to
5 km, but these have only provided infor-
mation about velocity maxima and spectra
(8, 9). The high-resolution radar reflectiv-
ity and Doppler data presented herein pro-
vide four-dimensional reflectivity and ve-
locity information that are essential to eval-
uate conceptual models of tornadic storms
and tornadoes.

We obtained data with a mobile pulsed
Doppler weather radar, the Doppler on
Wheels (DOW) (10, 11) (Fig. 2). The radar
was mounted on a small truck and radiated
through a scanning 1.83-m parabolic dish,
resulting in a 1.2° beam. The transmitter op-
erated at 9.375 GHz (32 mm), sending 40-kW
pulses with a duration of 450 ns every 500 ps.
Meteorological signals as weak as —25 dB of
equivalent radar reflectivity factor (dBZ)
could be detected at ranges <3 km. The
deployment time for the radar was 60 to 120s.

At about 00:58 UTC (universal time co-
ordinated) on 3 June 1995, a violent tornado
formed to the south of Dimmitt, Texas, and
traveled toward the northeast and north at
speeds of 5 to 15 m s~!. The tornado de-
stroyed a home, lofted automobiles, and re-
moved asphalt from a region of highway 10 m
by 40 m and deposited it up to 200 m away.
We used the mobile radar to observe the
tornado in its intense mature stage from 5 min
after formation until it dissipated 14 min later.
The axis of the tornado approached within 3
km of the radar and remained within 4 km for
10 min. Data were collected in eight scans
through the lower 1 to 2 km (depending on
range) of the atmosphere with volume update
intervals of 95 s (12). Oversampling of the
data provided azimuthal samples. every 17 m
at a range of 3 km.

Numerous fine-scale tornado structures
were revealed in the reflectivity and velocity
fields. A prominent feature at 01:03:45 UTC
at 110 m above ground level (AGL) was a
200-m-wide weak reflectivity region, referred
to as the eye, in the center of the tornadic
circulation (Fig. 3A). Surrounding the eye
was a ring or band of large reflectivity 700 m
in diameter and 200 to 300 m wide. The
diameter of the reflectivity ring was consistent
with the size of the debris shield produced by
the tornado at this time, as estimated from
photogrammetry and a damage survey. Small-
scale structures 100 to 150 m in diameter in
the reflectivity ring probably were irregulari-
ties in the debris shield.

About 3 to 4 min later, at 01:07:20
UTC, other structures were observed in the
tornado, including multiple, semiconcentric
to concentric, rings or bands of reflectivity
surrounding the center of the eye (Fig. 4)
and occasional reflectivity protrusions in the

eye. At 6° elevation, the inner reflectivity
band was 400 m in diameter and the outer
band was 1100 m in diameter. Both bands
were complete and nearly circular at this
elevation; the inner one surrounded the eye
region. At 14° elevation, the inner band was
not complete. However, a reflectivity protru-
sion in the eye region was evident on the
east-northeast side of the tornado in associ-
ation with the inner reflectivity band. A
tentative explanation for the multiple bands
includes sorting of particles with various
characteristic masses (for example, raindrops
versus debris). It is likely, on the basis of
photogrammetry, that the inner reflectivity
band was associated with the visual tornado,
at least at this time, whereas the outer band

Fig. 2. DOW mobile radar with Dimmitt, Texas,
tornado in background. The range to the edge of
the cone-shaped visible debris shield around the
tornado is approximately 2.5 km.

| .
0 6 12 18 24 30 36 42
dBZ

was associated with the lofting of large
amounts of debris on only one side of the
tornado or with inhomogeneous sources of

0 6 12 18 24 30 36 42
dBZ

Fig. 4. Radar reflectivity field of the tornado and
near-tornado environment in Dimmitt, Texas, at
01:07:20 UTC on 3 June 1995 as measured by
DOW from a range of 3 km (72). These data were
taken with a scan at 6° elevation or about 330 m AGL
at the center of the tomado. Each displayed sample
is approximately 64 m by 17 m at the center of the
tornado. Two doncentric bands of enhanced radar
reflectivity surround the axial region of the tornado.

m s

Fig. 3. Radar reflectivity and Doppler velocity fields of the tornado and near-tornado environment in Dimmitt,
Texas, at 01:03:45 UTC on 3 June 1995 as measured by DOW from a range of 3 km (72). These data were
taken with a scan at 2° elevation or 110 m AGL at the center of the tomado. Each displayed sample is
approximately 64 m by 17 m at the center of the tomado. (A) Radar reflectivity. A small eye, free of substantial
amounts of debris and rain, is surrounded by a nearly circular wall of debris. (B) Doppler radial velocities
(velocities along a radar beam): Cyclonic shear (anticlockwise) is indicated by adjacent velocities that are away
(positive) and toward (negative) radar. A strong cyclonic shear region is present in the tornado. Maximum

winds are estimated to be >70 ms~".
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Fig. 5. Vertical structure of reflectivity and Doppler velocity fields of tornado
and near-tornado environment at 01:03:26 to 01:05:01 UTC on 3 June 1995
as measured by DOW from a range of 3 km. These fields were reconstructed
from 10 inclined slices (712) through the storm that were measured during a
95-s period. (A) Radar reflectivity. A deep eye with weak reflectivity penetrated
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through the depth of the cross section and was surrounded by a debris shield
that extended from the surface to above 800 m AGL. (B) Doppler radial
velocity. Strong tangential flow near the tornado core peaked at >70 m s~ at
100 m AGL. The relatively broad region of 6 to 9 m s~ toward the radar in the
eye above 500 m AGL provides evidence of downward motion.

debris, or possibly with debris lofted by in-
tense vertical motions in a suction vortex.

Doppler radial velocities at ~110 m AGL
(Fig. 3B) revealed a strong shear couplet as-
sociated with the tornado (2, 13, 14). Maxi-
mum velocities on the north and south sides
of the tornado circulation were >70 m s~}
(15, 16), resulting in a velocity difference of
approximately 140 m s™! at a radius of 60 to
100 m. The vertical component of shear vor-
ticity in the tornado was 0.7 to 1.1 s™!. Un-
expectedly, strong radial convergence into the
tornado, suggested by conceptual models, was
not indicated by the radar at the very lowest
levels. However, photogrammetric analyses
suggest that there was strong inflow in a layer
10 to 20 m deep near the ground. Conver-
gence and stronger winds were not observed
by radar within 20 to 30 m of the ground
because radar beams may have been too wide
(60 m at a range of 3 km) or contaminated
with signals from ground clutter.

To further examine structures in the tor-
nado, we interpolated the reflectivity and ve-
locity data onto a Cartesian grid (16, 17) and
examined a vertical slice through the axis of
the tornado perpendicular to the radar (Fig. 5,
A and B). In the reflectivity fields, the torna-
do appeared as a truncated cone that in-
creased in diameter with height, as confirmed
by photogrammetry. A backward shift of the
center of the tornado below 200 m was pos-
sibly caused by surface drag or downdraft out-
flow. Near the surface, the axis of the tornado
was filled with debris, which produced large
reflectivities. Above the surface, the eye re-
gion widened from 200 m at 75 m AGL to
400 m at 1000 m AGL. Owing to centrifugal
effects, the debris lofted by the tornado was
displaced outward and produced a ring of de-
bris and large reflectivities surrounding the
eye. The outer edge of the large reflectivity
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values produced by the debris was approxi-
mately coincident with the region where
winds were near 30 m s~ 1. The largest reflec-
tivity maxima associated with the shield were
noticeable to heights of over 800 m AGL.
The strongest tangential winds in the tor-
nado ranged from >70 m s~! below 200 m
AGL to 50 to 70 m s~ ! above 600 m AGL
(Fig. 5B). These winds were found on the
inside perimeter of the debris shield at a radius
of about 60 to 100 m in the lower levels of the
tornado and 200 to 300 m in the upper levels.
Measurements of weak winds near the ground
(<50 m AGL) are probably erroneous, as
discussed above. These observations support
theories (1-6) that the height of the maxi-
mum tangential winds in a tornado should
occur within 100 to 200 m AGL, below the
top of the tornado’s boundary layer. Maxi-
mum wind speeds are believed to exceed those
predicted by pure cyclostrophic balance be-
cause air parcels in the boundary layer ap-
proach closer to the axis than those above and
in doing so acquire higher tangential veloci-
ties despite some angular momentum loss.
Many theoretical and laboratory estimates
also have indicated that tangential speeds V
outside the maximum speed region should
decrease linearly with the inverse of radius (V
o 171 from the center of the rotation (1-6).
We tested this relation out to a distance cor-
responding to about the edge of the debris
cloud. Starting at two or more radar reso-
lution volumes from the velocity maxima,
the correlation for this relation was >0.85
in the lower levels of the tornado, and
>0.95 in the higher levels. The. poorer
correlation fit in the lower levels may have
been related to the presence of unresolved
subvortex scale structures in the data.
The radar reflectivity and velocity fields
show that there may have been a downdraft in
SCIENCE
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the axial region of the vortex. Whether down-
drafts occur in tornadoes has been controver-
sial (1-6). The weak reflectivity region in the
eye, which appeared abruptly above the sur-
face, could be explained by axial downdrafts
in the core, which would have prevented
debris from rising in the core of the tornado.
A weak reflectivity eye might also form as a
result of centrifuging effects arising from
strong tangential flow. However, the presence
of a downdraft of >25 ms™! in the eye region
was indicated by persistent radial flow of 6 to
9 m s~! toward the radar between 400 to
1000 m AGL along the tornado axis (Fig. 5B).
This estimate of downward motion was in-
ferred from the relation W = V /sin ©, where
W is the vertical motion, V_ is the measured
radial velocity, and O is the elevation angle of
the radar. In this calculation, it was assumed
that the scattering phenomenon, either Bragg
scattering (14) or scattering by uncentrifuged
particles, was moving at the wind velocity.
During much of the observation period, the
tornado moved along a path tangent to the
radar beams; thus, velocity data did not in-
clude any significant component of the tor-
nado translation.
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lon-Induced Morphological Changes in
“Crew-Cut” Aggregates of Amphiphilic Block
Copolymers

Lifeng Zhang, Kui Yu, Adi Eisenberg*

The addition of ions in micromolar (CaCl, or HCI) or millimolar (NaCl) concentrations can
change the morphology of “crew-cut” aggregates of amphiphilic block copolymers in
dilute solutions. In addition to spherical, rodlike, and univesicular or lamellar aggregates,
an unusual large compound vesicle morphology can be obtained from a single block
copolymer. Some features of the spontaneously formed large compound vesicles may
make them especially useful as vehicles for delivering drugs and as models of biological
cells. Gelation of a dilute spherical micelle solution can also be induced by ions as the
result of the formation of a cross-linked “pearl necklace” morphology.

Most aggregates formed by the self-assembly
of amphiphilic block copolymers in selective
solvents are spherical and consist of a core and
a coronal shell. The core is composed of the
insoluble blocks, whereas the corona contains
the soluble blocks, which are highly swollen
by the solvent. Such structures have been
explored in detail (I). We have described the
formation of aggregates of multiple morphol-
ogies of one family of highly asymmetric poly-
styrene-b-poly(acrylic acid) (PS-b-PAA) in
dilute solution (2) in which the length of the
insoluble PS blocks was much longer than
that of the soluble PAA blocks. They were
therefore described as “crew-cut” aggregates.
As the length of the PAA block decreased,
the morphology of the aggregate changed
from spherical to rodlike, to lamellar or vesic-
ular, and finally to large compound micelles
(LCMs) consisting of an assembly of inverted
spherical micelles surrounded by a hydrophilic
surface. A more detailed description of the
multiple morphologies and the characteris-
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tics of the crew-cut micellelike aggregates is
available (3). More recently, it was shown
that PS-b-poly(ethylene oxide) (PS-b-
PEO) diblocks in dilute solution can also
form aggregates with various morphologies
from block copolymers of different compo-
sitions (4).

Morphological changes can also be in-
duced in an identical block copolymer by
the addition of ions in micromolar (CaCl,
or HCl) or millimolar (NaCl) concentra-
tions. The morphologies are the same as
those produced by changes in the copoly-
mer composition in the absence of added
ions, which suggests that the morphological
changes are probably induced by decreased
repulsion (both steric and electrostatic)
among the hydrophilic segments as a result
of protonation of PAA (by HCI) or of ion
binding or bridging (by Ca’*). In addition,
aggregates of a new morphology, consisting
of large compound vesicles (LCVs), were
prepared and are described. The LCVs may
be useful as possible drug-delivering vehi-
cles and as models of stable microstructured
biomaterials. Finally, ion-induced gelation
can occur in which spherical micelles in
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method was used to interpolate to the Cartesian
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aqueous solution form a cross-linked “pearl
necklace” structure in the presence of 20
mM HCL These results suggest that the
versatility of the crew-cut aggregates is
much greater than originally suspected.

The PS-b-PAA or PS-b-PEO diblocks
were dissolved in N,N-dimethylformamide
(DMF) to give a stock solution of 1 weight
%. Deionized water was then added to the
copolymer solutions with stirring; micelliza-
tion took place between about 4 and 6
weight % of water. However, the addition of
water was continued until the solution was
25 weight % of water to ensure that the
structure of the formed aggregates was kinet-
ically frozen. We isolated the aggregates into
water by dialyzing the resulting solutions
against distilled water to remove the DMF.
A dynamic equilibrium between aggregates
and unimers undoubtedly exists in the early
stages of water addition during micellization.
At some point, however, as the DMF is
forced out of the core, the equilibrium is
frozen because of the glassy nature of the PS
chains.

Table 1. Summary of the effect of added acid or
salt concentration (with R given in parentheses) on
the aggregate morphology of a PS(410)-b-
PAA(25) diblock copolymer.

Acid or salt Dominant
concentration (M) and R morphology
HCI
1.9 X 1074 (0.035) Spheres
2.1 X 1074 (0.040) Rods
2.4 X 1074 (0.045) Vesicles
2.7 X 107%(0.050) LCVs
NaCl ‘
2.1 X 107°(0.40) Spheres
3.2 X 1072 (0.60) Rods
1.1 X 1072 (2.0) Vesicles
2.1 X 1072 (4.0) LCVs
CaCl,
1.2 X 1074 (0.023) Spheres
1.4 X 1074 (0.026) Vesicles
2.8 X 1074 (0.053) LCVs
1777





