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SINGLE DOPPLER VELOCITY SIGNATURES:

AN ATLAS

OF PATTERNS IN CLEAR AIR/WIDESPREAD PRECIPITATION AND CONVECTIVE STORMS

Vincent T. Wood and Rodger A. Brown

Abstract

A variety of single Doppler velocity patterns
that simulate those observed in the atmosphere are

presented.

Measurements in optically clear air/wide-

spread precipitation are simulated using horizontally

uniform wind fields that change with height.

Measure-

ments of horizontal flow fields within thunderstorms
are simulated using a combination of simple rotation,

divergence/convergence and uniform flow models.

Simu-

Tations are compared with actual Doppler velocity mea-
surements to test the veracity of the simulations.

1. Introduction

Measurements in optically clear air and widespread
precipitation show that environmental wind profiles and
areas of Tow-level mesoscale convergence can be deter-
mined using a single Doppler radar (e.g., Lhermitte and
Atlas, 1961; Rabin and Doviak, 1982). Data collected
on the individual thunderstorm scale since the late
1960's indicate the severe storm warning potential of
Doppler radar (e.g., Donaldson, 1967; Burgess, 1976;
Lemon et al., 1977). . |

During the mid-1970's, government agencies with
severe storm warning concerns--National Weather Ser-
vice (NWS), Air Force's Air Weather Service, Federal
Aviation Administration--became interested in the
capabilities of Doppler radar (e.g., Johannessen and
Kessler, 1976). So a Joint Doppler Operational Pro-

ject (JDOP) was established during 1977-1979 to test
Doppler radar in an operational setting. The results
(Staff, 1979) were so encouraging that the agencies
decided to replace their aging weather radars with
the jointly procured Next Generation Weather Radar--
NEXRAD--that includes Doppler capability (e.g.,
Bonewitz, 1981; Ray and Colbert, 1982).

As Doppler radars become operational,] there will
be increased interest in the interpretation of single
Doppler velocity patterns. Patterns that convey knowl-

]Since April 1982, the Montgomery, AL, NWS office has had the loan of a
Doppler processor to use with its 5-cm wavelength WSR-74C weather radar.
During the summer of 1983, a Doppler processor--purchased by concerned
citizens in the Chicago area--became operational on NWS's 10-cm WSR-74S
radar in Marseilles, IL. The first NEXRAD 10-cm radars are expected to
go into operation in 1988.



edge are typically called "signatures." This atlas
will help people recognize and interpret single Doppler
velocity signatures that are encountered in a variety
of meteorological situations.

In addition to measuring the reflectivity re-
turned from radar echoesZ as a conventional weather
radar, Doppler radar also measured the component of
motion in the radar viewing direction. The radar com-
pletely senses flow directly toward (defined as nega-
tive Doppler velocities) or away from the radar (posi-
tive Doppler velocities). However, if flow is perpen-
dicular to the viewing direction, there is no component
of motion relative to the radar; the measured Doppler
velocity value is zero.

Single Doppler velocity patterns (signatures)
found in this atlas are portrayed with contour Tines
of equal Doppler velocity values. Qn a color display,
the contour Tines would represent the boundaries be-
tween adjacent colors (velocity intervals).

2l/h'thin optically clear air, radar echoes are due to insegts'and refrac-
tivity variations (caused by temperature and moisture var1at1.ons). )
Within clouds, echoes are due to precipitation particles (drizzle, rain,
jce particles, hail).



2.  IDEALIZED ENVIRONMENTAL WIND FIELDS

2.1 Explanation of mapping the Doppler wind field

Although a Doppler radar observes only the
component of the wind in a radial direction from the
radar, a wide variety of weather features of great
importance to weather forecasters can be easily
identified. This section describes techniques of
single Doppler pattern recognition for winds that are
horizontally uniform but vary with height. The dis-
plays will give the meteorologists self-confidence
in their real-time interpretation of Doppler velocity
data.

We consider a Cartesian coordinate system in
which x and y are horizontal distances from a Doppler
radar site (Fig. 2.1). As an antenna is rotated
about a vertical axis z at a constant elevation
angle ¢, detailed displays are obtained of the Dop-
pler component of the target velocity V4 as a func-
tion of azimuth and slant range rg (or height h).
Procedures for computing vertical profiles of hori-
zontally homogeneous wind direction and speed
follow.

A Doppler radar detects only the component of
wind velocity along the radar beam. From geometry
in Fig. 2.1a it is seen that, since h=r§sin¢ and
H=Rs sin ¢,

r

s h
N = 11 'Y (])
RS H

where r_ is the slant range from the radar site, R
the maxImum slant range at the edge of the radar
display, h the height above the radar's horizontal
plane, and H the maximum height at the edge of the
display.. The wind components in the idealized en-
vironmental flow fields are used to compute Doppler
components toward and away from the radar. At each
grid point, the velocity component u is directed

eastward and component v is directed northward so

that the component of wind toward or away from the
radar, denoted by V,, is computed from the simple

expression (e.g., Armijo, 1969)

Vg = u(

1l><

y z
) # V(;TQ + W(;‘J ) (2)
S S S :

In the absence of convection, vertical air motions
(w) are negligible relative to horizontal air flows,
so Eq. (2) becomes

w
~

Vg =ul) + v . (
S S

The general form of the wind components used to
profile tropospheric wind flows is given by

u = spd(h) cos(270°-dir(h))

' . (4)
v = spd(h) sin{270°-dir(h)) R

where spd(h) is the wind speed, dir(h) the wind
direction, both functions of height, h.

E

S

(a) SIDE VIEW (b) TOP VIEW

Fig. 2.1 Doppler radar viewing configuration.




2.2 Uniform flow at all heights

In this subsection, we consider three uniform
f]ow fields (wind direction and speed remain constant
with height) whose vertical profiles are described:
by

(a) spd(h) =S (b) spd(h) = §
dir(h) = 225° dir(h) = 270°

(c) spd(h) =S 0<h<H ()
dir(h) = 315°

where S is the unspecified constant wind speed.

These data are illustrated in the left part of

Figs. 2.2a,b,c. Vertical profiles of hypothetical
wind direction and speed computed from Egs. (4)-(5) are
shown, respectively, in the upper and lower boxes in
the middle part of these figures. Thus, we know,

for instance, that the wind is blowing at a constant
speed S from southwest (225°) at all altitude levels,
as shown in Fig. 2.2a.

~ The right part of Fig. 2.2a represents the cor-
responding Doppler radar display where contours di-
verging from the radar (center dot) are isolines of
V4--called isodops. By the convention employed, nega-
tive radial velocity components (flow toward the radar)
are indicated by thin short-dashed contours, while
positive velocities (flow away from the radar) are
shown by thin solid contours. Maximum and minimum
speeds are indicated by thick solid and short-dashed
contours, respectively. The thick long-dashed contour
represents zero velocity where the radar beam is
oriented perpendicular to the wind direction. The
radar measures zero velocity component when it is
pointed toward 135° and 315° azimuth. At these
azimuths, the radar beam is oriented perpen-
dicular to the wind direction at all altitudes and
therefore at all slant ranges. As the radar rotates

away from 135° and 315° the Doppler velocity increases
(decreases) until it reaches a maximum value of the
wind speed, S at 45° (minimum of -S at 225°). At
these azimuths, the radar beam is oriented parallel

to the wind direction and, therefore, measures a
radial component equal in magnitude to the wind

speed.

Analogous to Fig. 2.2a, Figs. 2.2b,c are constant
wind' direction and speed situations where the wind
direction changes from 225° (Fig. 2.2a) to 270°
(Fig. 2.2b) to 315° (Fig. 2.2c). Interpreta-
tion of the Doppler displays in Figs. 2.2b,c is
similar to that of Fig. 2.2a, except that in each
figure the pattern rotates clockwise by 45° for
each step.
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Fig. 2.2 Uniform vertical profiles of horizontal
wind fields blowing from (a) 225°, (b) 270°,
(c) 315°. Corresponding Doppler velocity patterns
(as seen on a PPI scope) have solid Tines for flow
away from the radar (at scope center), short dashes
for flow toward the radar and heavy long dashes for
zero Doppler velecity. Contour interval is 0.2 S.




2.3 Uniform directional shear with constant wind
speed

A uniform directional shear with constant wind
speed (S) characterizes a wind structure in which the
wind direction changes with height and the wind
speed remains invariant. Four arbitrary vertical pro-
files for backing (cold air advection), uniform and
veering (warm air advection) winds are given by

a) spd(h) =S he:

dir(h) = 180°[1-O.25(ﬁ)]
b) spd(h) =S

dir(h) = 180°

0<h<H (6)

c) spd(h) =S h

dir(h) = 180°[1+0.25(H)]
d) spd(h) = S "

dir(h) = 180°[1+0.5(H)]

These profiles are correspondingly illustrated in the
left partsof Figs. 2.3a-d. Figure 2.3a exhibits
backing of the wind with height up to the maximum
height H. Note that the zero velocity contour

(thick Tong-dashed) bisects the radar display in

the shape of a "backward S". The explanation for
this behavior of wind direction is straightforward.
The zero velocity contour represents the locus of
points where the radar beam points normal to the
wind direction. Since the direction of the backing
wind changes with height (range), the zero velocity
contour correspondingly changes with height. The
wind speed remains constant with range (height) so
the contour lines extend from the radar (center) to
the maximum range. Therefore, the radar measurements

reveal a southerly wind at the surface,backing with
height until it becomes southeasterly at the edge of
the radar display.

Figure 2.3b exhibits a constant wind direction
and speed situation, which is similar to the situa-
tion in Fig. 2.2a when the pattern rotates clockwise
by 45°. As already discussed in Sec. 2.2, radial
straight 1ines indicate that winds neither back nor
veer with height.

The presence of veering winds with height is
illustrated in Fig. 2.3c. The radar display is
analogous to that of Fig. 2.3a, except that the

-pattern is reversed so that the display is bisected

by a Tetter "S" at all altitude levels. The zero
velocity contour shows winds veering from south
near the surface to southwest aloft.

The difference between the radial velocity
component (V,) distributions in Fig. 2.3c and Fig.
2.3d is that“the radial velocity components exhibit
greater curvature because of the more rapid changing of
wind direction with height. It is obvious that
greater curvature of the Doppler velocity contours
implies an increased veering of the winds. We note
that winds veer from the south near the ground to the
west aloft by following the zero velocity contour
that has the shape of an "S".
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2.4 Uniform wind speed shear with constant wind
direction

cigures 2.4 a-d illustrate wind regimes, where
wind speed changes linearly with height while wind
direction does not change. Note that a circle
Tocated at the bottom of vertical wind sounding 1in
Fig. 2.4a denotes calm winds at the surface. Four
arbitrary vertical profiles describing the deyree to
which the wind speed changes linearly with height
are given, in these corresponding figures, by

a) spd(h) = s(

dir(nh) = 278°
b)  spd(h) = $(0.33 + 0.67%)

dir(h) = 270°

C<hs<H (7)

¢) spd(h) = S(0.67 + 0.33%)

dir(h) = 270°
d) spd(h) =S

dir(h) = 270°

It is of interest to note that Fig. 2.4a
shows westerly winds increasing linearly with
height whereby solid and short dashed thin contours
are oriented parallel with the zero velocity contour.
The extreme horizontal wind speeds are indicated by
the two crossmarks on the edge of the radar display,
one upwind and one downwind; these extrema occur at
one height rather than at all heights as has been
the case in the previous figures.

Figure 2.4b exhibits a westerly wind shear
which is less than that in Fig. 2.4a; wind speed at
the ground is one third of the maximum value S
(instead of being zero). The thin solid and short-
dashed contours tend to converge at the center of

the radar display and are no longer parallel to the
zero velocity contour. The zero velocity contour
remains unchanged with height (range) because wind
direction is constant.

Figure 2.4c is analogous to Fig. 2.4b except
that the surface wind speed now is two-thirds of the
maximum value. The contours converge more rapidly
here,than in Fig. 2.4b. The maximum in the vertical
profile of horizontal wind speed remains unchanged and
is indicated by the two crossmarks. Figure 2.4c exhi-
bits a pattern representing weak wind shear oriented
in the west-east direction. It is apparent that,
while horizontal wind speed at the edge of the radar
display remains unchanged, the stronger the surface
winds, the more rapidly the contours converge until
they become straight lines (Fig. 2.4d)--when both
wind speed and direction are constant with height
(same as Fig. 2.2b).
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Fig. 2.4 Uniform wind speed shear with constant wind direction. Doppler velocity contours (as seen on cir-
cular radar display) have solid Tines for flow away from radar, short dashes for flow toward radar and heavy
long dashes for zero Doppler velocity. Circled x's or heavier solid and short dashed lines indicate Toca-
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2.5 Nonuniform directional shear with constant wind Warm advection in the lower layer topped by

speed cold advection aloft is observed in Fig. 2.5c. This
_ o . _ _ figure resembles Fig. 2.5a, except that the pattern
~ A nonlinear variation of wind direction with is reversed; veering winds in the Tower level are
height (range) can be related to some nonuniformity accompanied by backing winds aloft.
of the environmental wind field. Four vertical
profiles are described by The strengths of veering and backing winds are

indicated by change in the orientation of the zero
velocity contour with height (range). By comparing
Fig. 2.5c with Fig. 2.5d, we note greater curvature

a) spd(h) =S in the distribution of Doppler velocity components.
dir(h) = 180°[1-(h) + (D)Z] This is due to an increased veering of windg up to
H H midlevels, accompanied by an increased backing of
b) Spd(h) =S winds aloft.
dir(h) = 180°
0<h<H (8)
c) spd(h) =S
dir(h) = 180°01 + (1) - ()2
d) spd(h) =S h hy2
dir(h) = 180°[1 + 2(3) - 2(7)°]

H H

These profiles are represented in corresponding
Figs. 2.5a-d. As discussed in an earlier subsection,
the zero velocity contour traces a letter "S" (backward
"S") when winds veer (back) with height. A striking
example (representing cold advection below and warm
advection aloft) is observed in Fig. 2.5a. In this
figure, the display is bisected by a backward "S"
between the surface and midlevels, while above the
midlevels the pattern is reversed by veering winds.

When the wind direction changes from its non-
linear variation to 180° at all altitude levels,
Fig. 2.5b results. This figure is analogous to Fig.
2.3b which exhibits a constant wind direction and
speed situation.

N
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2.6 Nonuniform wind speed shear with constant wind
direction

- In Seg. 2.5 we saw the influence of nonuniformity
in the‘env1ronmenta1 wind direction. The following

is a d1§cussion of wind speed that varies paraboli-
cally with height, as in a jet stream. MWe present
four vertical profiles describing the degree to which

the speed changes nonlinearly with height (range)
given by

a) spd(h) = 4sfi(1- hy

dir(h) = 270°
b) spd(h) = S[0.33 + 2.67 P(1- I

3?r€hg = 250° ' mil- ]

h h 0<shs<H (9

c) spd(h) = [0.67 + 1.333(1 - )]

dir(h) = 270°
d) spd(h) =S

dir(h) = 270°

A maximum in the vertical profile of horizontal
wind produces a pair of concentric ovals, one upwind
and one downwind (Figs. 2.6a-c). This is due to the
variation of the wind speed from zero at the ground, to
a maximum at midlevels and to zero again at the top.
ITlustrated in Figs. 2.6b-c are the thin solid and
short-dashed contours that tend to converge at
the center of the radar display and that, now curved,
are no longer parallel to the zero velocity contour.
The degree to which the wind speed varies nonlinearly
with height (range) can be determined qualitatively
by noting the radial gradients in the distribution
of radial velocity component when the radar is
pointing in the direction of the maximum and minimum
values. Figure 2.6a, for instance, indicates stronger
west-east wind shear than Fig. 2.6b does. Even less
wind shear is indicated in Fig. 2.6c. The weaker the

-

~

wind shear, the more rapidly the contours converge until
they become straight lines (Fig. 2.6d), as both wind
direction and speed become uniform with height.
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2.7 Uniform wind speed shear with uniform directional
shear

This subsection deals with our consideration of
uniformity of both wind direction and speed shears in
the environmental wind field. We present four vertical
profiles reflecting linear variations of wind direction
and speed with height such that

h) = ()
h) = 180°[1 + 0.5(%)]

a) spd

~—
I

b) spd(h) = 0.33S[1 + 2({1)]
dir(h) = 180°[1 + 0.5(1)]
0 <h ¢<H (10)
¢) spd(h) = 0.335[2 + ()]
dir(h) = 180°[1 + 0.5(1]
d) spd(h) = S
dir(h) = 180°[1 + 0.5(%)]

H

Figures 2.7a-d illustrate an S-shaped warm advection
pattern in which winds veer with height, as indi-
cated by the zero velocity contour. The circled x's
in Figs. 2.7a-c indicate wind maxima at azimuths 90°
and 270° at the edge of the radar display, one upwind
and one downwind.

Figure 2.7b, which is similar to Fig. 2.7a, exhi-
bits the veering wind direction, except that we change
the surface wind from zero to one-third of the maximum
value of S at the ground. The zero velocity contour
remains invariant with height. The curved contours
appear to converge so that they produce a few S-shaped
contours passing through the center. As seen inside
the outermost slant range circle in Fig. 2.7b, the
contours of Doppler velocity component change slightly.

11

In Fig. 2.7c, this S-shaped pattern has the appear-
ance of the pattern of Fig. 2.7b, except that the curved
contours converge even more. This is because the sur-
face wind is now two-thirds of the maximum value of S.
It is concluded that as the surface winds increase
(vertical shear decreases), the curved contours tend
to converge rapidly until all the contours become
S-shaped lines when wind speed is constant with height,
as evident in Fig. 2.7d. (This figure is identical to
Fig. 2.3d.)
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locations of extreme Doppler velocity values within the display.
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2.8 Nonuniform directional shear with uniform speed
shear

In this subsection, we consider wind direction
varying parabolically with height, while the wind
speed varies linearly. The wind direction and speed
profiles shown in Figs. 2.8a-d are represented by

a) spd(h) = S(B)

dir(h) = 60°[3 + 41 - &)1
b) spd(h) = 0.335[1 + 2({1)]

dir(h) = 60°[3 + 41 - 1]

0< h< H (11)

¢) spd(h) = 0.335[2 + (g)]

dir(h) = 60°[3 + 4fH(1 - 1]
d) spd(h) =S

dir(h) = 60°[3 + 48(1 - %)]

In Figs. 2.8a-d, the vertical profiles indicate veering
winds and warm air advection up to midlevels. At and
above midlevels, winds back with height and coldair ad-
vection extends to the top. Further, changes in the _
linear wind speed profile produce additional changes in
Doppler velocity contours. Note that the extreme hori-
zontal wind speeds are represented by circled x's at
azimuths 180° and 360° at the edge of the radar display.
Exception is Fig. 2.8d which illustrates a constant
wind speed where all contour lines pass through the ori-

gin of the display.

16

As already seen from our consideration of the
variation of surface wind speeds, the stronger the
surface winds, the more rapidly the contours converge
at the center of the radar display. They become
S-shaped contours up to midlevels and backward
S-shaped from midlevels to the top when wind speed
is constant at all altitudes.
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2.9 Nonuniform wind speed shear with uniform directional
shear

Recalling that Section 2.6 deals with parabolic
variation of wind speed and constant wind direction
with height, we wish to consider the same speed pro-
file and uniformly varying wind direction with height.
We describe four vertical profiles of wind direction
and speed as '

a) spd(h) = 453-[1 - ﬁi

dir(h) = 90°[2 + ()]
b)  spd(h) = 0.335[1 + 8%(1 - g)]

dir(h) = 90°[2 + (E)]

0< h<H (12)

c) spd(h) = 0.67S[1 + 2%(1 --%)]

dir(h) = 90°[2 + (ﬂo]
d)  spd(h) =S )

dir(h) = 90°[2 + ()]

The vertical profiles of wind direction produce
S-shaped zero velocity contours (thick, long-dashed)
that bisect the radar displays (Figs. 2.9a-d). Except
for Fig. 2.9d, each set of bean-shaped contours is
centered around the point of maximum (minimum) wind
speed (indicated by circled x's) at midlevels and
azimuths 45° and 225°--representing a wind direction
of 225° at that height. With winds increasing at the
surface and the top height from Fig. 2.9a through
2.9d, the curved contours approach the center and
the edge of the display, until they all become
S-shaped when the wind speed S is constant with

height (Fig. 2.9d).
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Fig. 2.9 Nonuniform wind speed shear with uniform directional shear. Doppler velocity contours (as seen on
circular radar display) have solid Tines for flow away from radar, short dashes for flow toward radar and
heavy long dashes for zero Doppler velocity. Circled x's or heavier solid and short dashed 1ines indicate
locations of extreme Doppler velocity values within the display.
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2.10 Nonuniform wind speed shear with nonuniform
directional shear

Four vertical profiles given in Figs. 2.10a-d and
illustrating the degree to which veering and backing
winds varying parabolically with height are represented

by

a) spd(h) = ash(1 - B

dir(h) = 60°[3 + 4F(1 - F)]
b) spd(h) = S[0.33 + 2 675 (1 - H)]

dir(h) = 60°[3 + 4ft U )]

0 shg H (13)

¢) spd(h) = 5[0.67 + 1331 - Ty

dir(h) = 60°[3 + 4%(1 - ﬁ)]
d) spd(h) =S

dir(h) = 60°[3 + 42(1 - E)]

A striking example of warm advection below and
cold advection aloft is observed in the Doppler velocity
fields. The displays are bisected by an S-shaped zero
Tine between the surface and the midlevels (between the
center of the radar display and the midranges); above
the midlevels, the patterns are reversed because of
backing winds.

Other interesting features of the radar display
are a pair of closed contours that represent Doppler
velocity maximum and minimum. At these azimuths and
heights (midlevel), the radar beam is oriented parallel
with the wind direction and, therefore, measures a
component equal 1in magnitude to the maximum wind
speed S.

N

The wind speed shear is another important feature
of the display. Changes in wind speed at the ground
may be obtained by noting that the contours converge
at the origin of the radar display, except the
zero velocity contour which remains invariant with
range (height). Also, the pair of closed contours
expand until they become curved Tines when the wind
speed is constant at all heights (Fig. 2.10d).
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Fig. 2.10 Nonuniform wind speed shear with nonuniform directional shear. Doppler velocity contours (as seen
on circular radar display) have solid lines for flow away from radar, short dashes for flow toward radar and
heavy long dashes for zero Doppler velocity. Circled x's or heavier solid and short dashed 1ines indicate
locations of extreme Doppler velocity values within the display.
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2.11 Summary

Representative samples of single Doppler velocity
patterns that can be found in optically clear air and
in widespread precipitation are displayed in Fig. 2.11.
The signatures are divided into three wind speed and
three direction categories: (1) constant value with
height, (2) Tinear change with height and (3) parabolic
change with height.

When wind speed is constant (nonzero) with height
(Teft column) all Doppler velocity contours pass through
the radar location at the center of the display. Also,
maximum and minimum Doppler velocities occur all along
the heavier (nonzero) contour lines rather than just at
one point (circled x) as with other speed profiles.

When wind speed is not zero at the ground, contour
lines representing wind speed magnitudes less than or
equal to the surface value pass through the radar loca-
tion at display center (e.g., Fig. 2.4 and left column
of Fig. 2.11). When the surface speed is zero, only
the zero Doppler velocity contour (long, thick dashes)
passes through the center of the radar display (middle
and right column).

If the wind speed profile has a peak within the
height interval on the display, there will be a pair of
closed contours 180° from each other; the azimuth of
the minimum is the direction from which the velocity
jet is blowing and the height of the peak value can be
computed from the radar antenna's elevation angle and
the slant range (rg) to that point.

Whereas the wind speed profile controls the
overall pattern including the spacing between contours,
the vertical profile of wind direction controls con-
tour curvature. The most informative contour for wind
direction is the zero velocity contour (thick Tong
dashes). Note that the zero contours are identical in
each row (reflection of wind direction profile) even
though the overall patterns in each row differ signif-
icantly (reflection of wind speed profile).

22

Since wind direction is perpendicular to a
radial line (from display center? at the point where
it intersects the zero contour, wind direction varia-
tion with height (range on the radar scope) can be
determined by inspection. Wind blows from the nega-
tive toward the positive side. Looking at the center
radar display, we see that there are southerly winds
at thg ground--the zero Tine is oriented east-west
and air is approaching from the south and flowing
away toward the north. Halfway between the center
and edge of the display, southwesterly winds are per-
pendicular to the radial 1line. At the edge of the
display, wind is from the west because the radial
line intersecting the zero contour is oriented
north-south.

_ _Kraus and Donaldson (1976) also present some
§1ng]g Doppler velocity fields 1ike those simulated
in this section. Their interpretations of the fields
are the same as ours.
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Fig. 2.11 Doppler velocity patterns (constant elevation PPI scans) for
various vertical profiles of wind speed and direction.
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3.  IDEALIZED STORM WIND FIELDS \ 4

3.1 Single Doppler velocity signatures of mesocyclones | Y 4
and divergence areas

\ // RANKINE COMBINED
\ / VELOCITY PROFILE

Single Doppler velocity signatures of rotation and
divergence help to identify severe storms. Axisymmetric
mesocyclone and divergence/convergence areas can be
modeled using a Rankine combined velocity profile (Fig.
3.1a). The profile consists of two distinct velocity
distributions. The inner portion of the profile in-
creases linearly with distance from the center:

VELOCITY, v —
=

Rc
RADIUS, r—

V=0 (14) Fi%. 3.1a A1Rantin?vc?mbined ve%ocity prgfi]e.
laximum veloci 0 i ,
In the outer portion, velocity change is inversely ¥ (¥x) oceurs at core radius (Re)

proportional to distance from the center:
v=_Cy/r (15)

The inner part of the profile will be referred to as
the core region, Rq being the core radius. The
maximum velocity, Vx’ in the profile occurs at the
core radius. Once "R; and V, are specified, the
entire profile can be determined using the constants

C] = VX/Rc : (16)

Cp= VR, . (17)
From (14) through (17), it follows that

vV = Vx¢(r) , ' (18)

where ¢ (r) represents the combined velocity profile
and is given by -

AN
=

r/R. when r <R,
o(r) = °© (19)
R./r when r > '

\4
=
(@]




3.1a Mesocyclone signature

The combined velocity profile originally was
developed to describe axisymmetric vortices (e.g.,
Rankine, 1901). For a vortex, v{ represents tangen-
tial (rotational) velocity and Vi represents peak
tangential velocity which occurs at the core radius,
Rt. Since tangential velocity increases linearly with
radius within the core region (r<Rt) the core rotates
Tike a vertical solid cylinder (having a circular
horizontal cross-section). The cylinder thus repre-
sents the driving force that keeps the surrounding o Ee RS = ]
fluid (water or air) rotating; fluid tangential velocity R IR - S
changes inversely with distance from the rotation
center (r¢ >R,). The solidly rotating core has the
velocity distFibution given by

DISTANCE (KM)
i

Fig. 3.1b_ Vortex flow (heavy streamlines) and cor-
responding single Doppler velocity signature (thin
Tines); radar is south of flow field.

Vi = Vioi(r) > 0 for cyclonic when V, > 0
_ . (20) Figure 3.1b shows a horizontal scan through a
Vi = Vt¢t(r) < 0 for anticyclonic when Vt <0, vortex (thick circular lines) rotating around a vertical
| axis and the associated single Doppler velocity pattern
where ¢t(r) represents the radial profile of Vt given (thinner lines--lines having constant Doppler velocity
by values). A Doppler radar is assumed to be Tocated a
considerable distance due south of the vortex center.
F. uwken v <R Since-a Doppler radar senses only the component of
Rt =t flow in the radar viewing direction, the heavy dashed
line represents zero Doppler velocity because flow
¢t(r) = everywhere along the line is perpendicular to the
R viewing direction. To the right of the line, flow is
L when r » Re . away from the radar (thin solid contours) and flow on
F the left is toward the radar (thin dashed contours).
Whereas a Doppler radar senses none of the flow when
By analogy, a fluid vortex can be thought of as viewing a vortex through the circulation center, it
having a core that rotates as if it were a solid. senses the complete flow on both sides of the center

This model is a good first approximation for describing where flow is directly toward or away from the radar.
atmospheric vortices ranging in size from dust devils The arrows either side of center represent the core

to hurricanes. The key parameters needed to specify @ radius (R¢) where the full value of the peak tangential
vortex in nature are the core radius and the maximum velocity fvt) is measured.

tangential velocity. These two parameters form the

basis for the single Doppler velocity signature of a

mesocyclone.
o



Therefore the single Doppler velocity signature
of a mesocyclone (or any vortex) has a pattern that is
symmetric about the radar viewing direction and has
peak values (Vt) of opposite sign at the core radius
(Rt) either side of the circulation center. According
to a study of mesocyclone signatures within Oklahoma
severe storms (Burgess, 1976), typical core radii are
2.5 to 3 km and typical ?eak tangential velocity '
values are 20 to 25 m s-1I,

If the vortex is moving and/or is embedded-in a
uniform horizontal flow field, the circulation no
Tonger will be circular, but the vortex signature pat-
tern will remain unchanged; the only difference will
be that the contour lines will have different values
and the center contour no longer will have a Doppler
velocity value of zero.

3.1b Divergence signature

The Rankine combined profile also can be used to
model axisymmetric divergence (convergence) areas.

Mathematically, the velocity distribution is given by

v

. for divergence when Vr >0

9.(r) >0
(21)

for convergence when Vr <0

v, v, ¢r(r) <0

where ¢p(r) represents the combined velocity profile
of Vp
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DISTANCE (KM)

Fig. 3.1c Djverggnt flow (heavy streamlines) and
correqund1ng single Doppler velocity signature
" (thin lines); radar is south of flow field.

In this case, vy represents radial velocities flowing
directly inward toward or outward from the center of
the model; Vi is the peak radial velocity at the core
radius Rp. Since radial velocity changes at a constant
rate with increasing radius in the core region (rer),
horizontal divergence is constant within the core.

A model radial flow field and the corresponding
single Doppler velocity pattern is shown in Fig. 3.1c.
Note that the divergence signature is the same as a
mesocyclone signature that has been rotated counter-
clockwise by 90°. Here the zero line is perpendicular
to the radar viewing direction because the radar does
not sense motion toward the east or west of the diver-
gence center. Maximum flow toward and away from the
radar (short arrows) is V, measured along the viewing
direction that passes thraugh the diyergence center;
these peak velocities occur at the core radius (Ry).




3.1c Simu]atfon procedure

Simulated Doppler velocity fields are generated
by using combinations of mesocyclone, divergence and
environmental flow models. Horizontal wind components
are computed at Cartesian (x,y) grid points in a hori-
zontal analysis plane. This plane is assumed to coin-
cide with a flat earth's surface. Here, we use a
right-hand orthogonal coordinate system in which x and
y refer to the horizontal coordinates relative to the
origin at the center of the grid. The coordinate system
conventions are illustrated in Fig. 3.1d. If the radar
is assumed to be located south of the grid, then Ry is
the horizontal distance from the radar to the grid
origin (x,y=0,0). The vertical component of velocity
is neglected because we assume that the elevation angle
is small and the sum of air velocity and terminal fall
speed is small relative to the horizontal wind.

For an arbitrary point (x,y) on the flat plane of
the analysis grid, we define U* (x,y) and V* (x,y) to
be the components of the horizontal wind velocity in
the directions of the x and y axes, respectively. They
may be expressed by

+

U*(X,Y) = U U-(Xay)

env 1 (22)

-
—_

+

V*(x,y) =V

HE~1=S 10~
—

env Vi(x,y) >

—e

where the environmental wind components are given by

U spd cos(270° - dir)

spd sin(270° - dir)

Venv

and where spd represents environmental wind speed, and
dir the direction from which the wind blows. The
velocity components for the ith flow feature are

~<
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Fig. 3.1d Geometry for com-
puting single Doppler
velocity values within the
analysis grid relative to
the radar position.



. X5

Uy (xey) = Vg roT
Yy

Vi(x.y) =V, Fe * Ve

where V_ ., V,. are the

componehls of'the itn

X; and yj
is,
X, =
i
y'i_
and
. =

(24)

radial and tangential velocity
flow feature at a distance rj
from the feature center (aj,b;).

Distance components

are measured from the feature center, that

x-ai
‘y-bi

2 2
(x1 + yf)]/
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As illustrated in Fig. 3.1d, the radar measures
the simulated Doppler velocity

4oy = g DOy + (iRg) V)] (25)
where

R(x,sto) =[x+ (y+R0)2]]/2

In this equation, the sum of the air vertical velocity
and the terminal fall speed is assumed to be negligible,
as already discussed. Eq. (25) is similar to that

used by Peace et al. (1969).

For the simulated single Doppler velocity patterns
shown in Sections 3 and 4, a simplifying assumption has
been made. The radar is assumed to be so far away from
the analysis grid that all simulated Doppler velocity
components are parallel to the y axis. In this case,
Eq. (25) simplifies to

y +R

Vy(xsy) = §Y§T§f§t7'v*(x’y)




3.2 Circulation and divergence/convergence centers
having identical size and strength

—
(@]
L2

> < < <
Interpretation of storm seyerity depends upon Yk Gy 40 ViSO, Ve=0
ability to recognize single Doppler velocity Ry = Ry Ry = R,
patterns of circulation and diyergence/caonvergence
areas. The simplest patterns occur when the core
radii and peak velocities for circulation and diver-
gence are the same. Input parameters for the four
combinations of cyclonic rotation (V.>0), anticyclonic
rotation (V¢<0), divergence (V,>0) aﬁd convergence
(Vp<0) are presented schematically in Figs. 3.2a-d. Vi A

The corresponding single Doppler velocity patterns
(assuming the radar to be to the south) appear in Figs.
3.2e-h; the associated horizontal flow fields are in
Figs.3.21-1. The patterns turn out to be the same as (c)
for pure rotation (Fig. 3.1b) and pure divergence
(Fig. 3.1c); the orientation of the pattern--
in particular, the zero contour--is the contrasting
feature. For example, note that the divergent cyclonic
circulation pattern (Fig. 3.2g) is midway between pure
cyclonic circulation (Fig. 3.1b) and pure divergence

(Fig. 3.1c). v, v,

o

V;>0, V., >0 Vi< O, V, >0

Fig. 3.2a-d Rotation ( ) and divergence (V,.,Ry)
parameters used to proguce the corresponding s1ng1e
Doppler velocity patterns (Figs. 3.2e-h) and hori-
zontal streamlines (Figs.3.2 i-1).
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Fig. 3.2e-h Single Doppler velocity patterns cor- Fig. 3.21-1 Hor1zgnta1 wind vectors and stream-
responding to the flow model parameters in Figs. lines corresponding to the flow model parameters
3.2a-d; (e) convergent cyclonic flow, (f) con- n Figs.3.2a-d.
vergent anticyclonic flow, (g) divergent cyclonic
flow, (h) divergent anticyclonic flow. Radar is
south of flow field.
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3.3 Circulation and divergence/convergence centers
having varying size and strength

Having gained some confidence in interpretating
and recognizing the significant features of Figs. 3.2e-h,
we extend our analysis by investigating combinations
of pure cyclonic circulation and pure convergence with
varying core radii and radial and tangential velocity
maxima. The key parameters used to describe the
strength and size of circulation in comparison with
those of convergence are the ratios of -V, to +V¢, and
the ratio of Ry, to Ry. Examples of the variations of
Ry relative to Rt are given in Figs. 3.3a-c.

To begin the interpretation, considerFigs.3.3e,h,k.
By keeping core radii constant (Ry=Rt) and varying the
values of -Vy./V¢ from 1/4 to 1 to 4, the velocity
pattern changes in a clockwise direction. Con-
sequently, a primarily cyclonic circulation (Fig.
3.3k) changes to a convergent mesocyclone (Fig. 3.3h)
then to nearly a convergent flow field with little
evidence of cyclonic circulation (Fig. 3.3e). Note
that Fig. 3.3h and Fig. 3.2e are identical. Stream-
Tines superimposed on the wind vector fields are
illustrated in Figs. 3.3n,q,t. Differences in the

(c) R, =4

streamline patterns are indicative of different
strength in the ratio of -Vy to V.

If a strong convergent flow field with a small
core radius is embedded in a larger but weaker cir-
culation, Fig. 3.3d results. In this case, the peak
radial velocity V.. is four times the peak tangential
velocity; the convergence's core radius is one fourth
the circulation's core radius. At the other extreme,
a strong, small circulation embedded in a larger
weakly convergent flow field results in the pattern
shown in Fig. 3.3 1. This occurs when V. = -1/4 V¢
and R, = 4R¢. The corresponding horizontal flow
fields show a stronger spiral in the converging flow
in Fig. 3.3u than in Fig. 3.3m.

Looking more carefully at Figs. 3.3f,j, we note
that the convergence signature contains some cyclonic
circulation at the center and the mesocyclone signature
is partly convergent at the center, respectively. In
these examples, the ratio of -Vy to V¢ is 4 and the
ratio of Ry to Rt is 4 in Fig. 3.3f; -Vyp/Vt = 1/4
and Ry/Rt=1/4 in Fig. 3.3j. The corresponding flow
fields are found in Figs. 3.30,s.

Fig. 3.3a-c Relationship of rota-
tion (R¢) and convergence (Ry) core
radii used in the accompanying
single Doppler velocity patterns
(Figs.3.3d-1) and streamline flow

. patterns (Figs,3.3m-u).
t
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Fig. 3.3d-1 Single Doppler velocity patterns for Fig. 3.3m-u Horizontal
varying ratios of peak core velocities and core

flow fields corresponding

to the single Doppler velocity patterns in
radii. Convergence is represented by -Vy,Ry and Figs. 3.3d-1.

rotation is represented by V¢,R¢. Radar is
south of flow field.
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3.4 Two circulation center.
strength

c¢ical size and

Doppler velocity measurements in severe storms
indicate that mesocyclones go through a regeneration
process ; one core dies out as a new one forms
near it within the same overall circulation (Burgess
et al., 1982). These effects are investigated using
double-core mesocyclones having equal core radii and
peak tangential velocities. The mesocyclone cores are
rotated at various angles from the perpendicular
position relative to the radar viewing direction.
Also, their separation distance is varied.

Figures 3.4a-1 show the results of simulations of
single Doppler velocity patterns as the axis through
the center of two cores is rotated counterclockwise
through 90° (0° to 45° to 90°) and the separation dis-
tance increases. The patterns would be reversed (mirror
image) if the cores were rotated clockwise. The separa-
tion distince (D) between core centers is normalized by
the core radius (R). For example, the distance between
the cores is equal to twice the core radius, i.e.,
D/R=2, in Figs. 3.4a-c. Note that the open dot is the
center of mass of the two mesocirculations, and two
dark dots represent the centers of the cores. According
to mesocyclone statistics (Burgess, 1976), the average
core radius of mesocyclones is 2.5 to 3 km.
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When D/R=2 (Figs. 3.4a-c), the edges of the two
cores touch each other. The corresponding flow fields
(Figs. 3.4j-1) are elliptical within and adjacent to
the cores and become circular at great distance from
the center. Since the cores are so close to each
other, the three Doppler velocity fields have the
same overall configuration as a single core circula-
tion (compare with Fig. 3.1b).

As D/R increases to 3, the fact that there are
two cores becomes more evident. For D/R=4, separation
of the two cores is obvious. The corresponding flow
fields (Figs. 3.4m-r) become more elliptical and two
circulations appear between the core centers. On the
basis of a limited sample (e.g., Wood et al., 1979),
D/R 1in nature probably lies between 2 and 3.
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to the single Doppler velocity patterns in Figs.

Fig. 3.4j-r Horizontal flow fields corresponding
3.4a-1.
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Single Doppler velocity patterns for
f flow field.

identical circulations whose centers are
separated by various distances (D divided by core
for three different orientations

)
Radar is south o

-

Fig. 3.4a
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3.5 Cyc]onic-anticyclohic circulation centers having
identical size and strength

Numerical simulations have revealed mirror-image
anticyclonic (left-moving) and cyclonic (right-moving)
storms in the presence of uni-directional environmental
wind-shear with height (e.g., WiThelmson and Klemp,
1978; Schlesinger, 1978--whose results generally
agree with Doppler observations of splitting thunder-
storms ), This subsection extends the discussion of the

previous subsection by investigating the effect of
separation distance and rotation of the axis between
the mesocyclone and meso-anticyclone centers on the
behavior of single Doppler velocity signatures.

Figures3.5a-1 illustrate the simulated single
Doppler velocity signatures for the double vortex
structure as the mesocyclone and meso-anticycione
centers are rotated by various amounts (0°, 45°, 90°)
from the perpendicular position relative to the radar
viewing direction. Values of separation distance (D)
between these centers are normalized by the core
radius (2,4,6). Corresponding airflow fields are
shown in Figs.3.5]-r.

At 0° rotation, the behavior of single Doppler
velocity patterns changes as the distance varies from
2 to 4 to 6 (Figs. 3.5a,d,g). In the example of
Fig. 3.5a, the Doppler velocity patterns are more
densely packed between the meso-anticyclone and meso-
cyclone centers than they are outside. Since the two
vortices rotate in opposite directions, the additive
effect of flow toward the radar between the circula-
tion centers accounts for the elongation of the Doppler
velocity minima. As the separation distance increases,
the elongated pattern splits into two distinguishable

closed isodops (representing motion toward radar) on the

inner edges of the separating vortices. At the same
time, airflow between the centers of the vortex pair
increases noticeably (Figs. 3.5j,m,p).

When the line connecting the vortex centers is
rotated 45°, the Doppler velocity pattern is a function
of vortex separation (Figs.3.5b,e,h,k,n,q). For
D/R=2, the pattern rotates only 20° to 25°. As the
vortices move farther apart, the two characteristic
vortex signatures become apparent and the overall
elongation of central negative region becomes less
pronounced.

When the radar viewing direction passes through
the two rotation centers, the slightly distorted
rotation signatures are evident (Figs.3.5c,f,i) in the
patterns of "four-leaf clover".. As the vortices move
apart, the only change is that the patterns approach
those for pure rotation.
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Fig. 3.5a-1
cyclonic (

Single Doppler velocity patterns for a
upper or right)-anticyclonic (Tower or

left) couplet having the same size and strength.
Rotation centers have various separation distances
(D divided by core radius R) and orientations.

Radar is s

outh of flow field.
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Fig. 3.5j-r Horizontal flow fields corresponding
to the single Doppler velocity patterns in Figs.
3.5a-1.




3.6 Two divergence centers having identical size and
strength

Single Doppler observations and satellite data
have been used to study the structure and evolution of
thunderstorm cloud top structures in relation to the
occurrence of severe weather (tornadoes, hail and high
wind) on the ground. Lemon and Burgess (1980) discuss
divergence signatures measured near the top of the Fort
Cobb, Oklahoma tornadic storm on 18 June 1973 and the
Waurika, Oklahoma tornadic storm on 30 May 1976.

Adler and Fenn (1979), using geosynchronous satellite
data, estimated divergence magnitudes in the outflow
through expansion rates of isotherms in the anvil of
tqrnadic storms. Not much is known about pairs of
d1yergence centers that occur near each other. In
this subsection, we investigate what the correspond-
;qg single Doppler velocity signatures should be

ike.

Figures3.6a-i show the results of simulations of
two divergence signatures when orientation and separation
distance are varied. The illustrations are selected
examples of patterns that may occur near storm summits
or in low-level downdraft outflow regions. Figures
3.6j-r illustrate wind flow vectors; superimposed
streamlines correspond to those in Figs. 3.6a-1.

In Fig. 3.6a, two pure divergence signatures are
oriented perpendicular to the radar beam. An important
feature of the divergence signatures is an elongation
of the closed isodops.. As seen in Fig. 3.6j, the
streamlines are diverging from a somewhat elongated
source region. An increase in the distance between
the centers of two divergence fields results in the
formation of distinctive pairs of closed isodops for
all orientations. As the divergence centers move
apart, the horizontal flow fields (Figs. 3.6j-r)
resemble air diverging from a line instead of a

point.
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3.7 Convergent cyclonic-divergent anticyclonic paif
of vortices having identical size and strength

Near the ground in severe thunderstorms the basic
flow features are a strongly convergent cyclone circu-
Jation and a weakly anticyclonic divergence area. The
convergent mesocyclone is associated with the storm's
updraft area, and the anticyclonic divergence region
is caused by the storm's primary precipitation down-
draft area located downwind of the updraft.

These circulations are simulated here with a pair
of vortices that are the same size and have the same
strength. Figures 3.7a-1 show the simulated single
Doppler signatures; corresponding flow patterns (wind
vectors and streamlines) are shown in Figs. 3.7j-r.

In Fig. 3.7h, the anticyclonically rotating downdraft
is represented by the simulated single Doppler velocity
pattern in the lower left; the pattern in the upper
right represents the cyclonically rotating updraft,
which is identical to Fig. 3.Z2e.

Looking at Fig. 3.7a, we note the closely packed,
dashed isodops (motion toward radar) in the inner
portion of the downdraft-updraft pair. Since the
separation distance between the centers is twice the
radii of the pair, the oppositely rotating circulations
add to produce the elongated region of negative Doppler
velocities. The same interpretation holds for the
elongated region of positive velocities in Fig. 3.7c
when the circulation angle is 90°

At angles of 0° and 90° the increasing separation
distance causes the single Doppler velocity configura-
tions to change considerably. The elongated pattern
of Doppler velocity minima (maxima) splits into dis-
tinct closed isodops of velocity minima (maxima).

They are illustrated in Figs. 3.7a,d,g and Figs.
3.7¢c,f,i. Corresponding streamline patterns are
shown in Figs. 3.7j,m,p and Figs. 3.7 1,0,r.
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. At 45°, the “"four-leaf clover" pattern divides
into distinctive convergent cyclonic and divergent
anticyclonic signatures as the separation distance
increases (Figs. 3.7b,e,h). These patterns are some-
what similar to those of Figs. 3.5c,f,].



Fig. 3.7a-1 Single Doppler velocity patterns for a Fig. 3.7 j-r Horizontal f i 1
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cyclonic (lower or Tleft) pair of vortices having 3.7a-17. 195.
centers separated by various distances (D divided
by core radius R) at various orientations.

Radar is south of flow field.




3.8 Nondivergent mesocirculation with embedded
tornadic vortex signature

Burgess et al. (1975) and Brown et al. (1978) dis-
cussed important characteristics of the tornadic vortex
signature (TVS). A TVS is a Doppler velocity signature
of large shear--coincident with tornado location--
characterized by velocity maxima of opposite signs
occurring one beamwidth apart in anazimuthal direction;
for the signature to be valid, the shear region must
exhibit time and height continuity. Unfortunately, not
all tornadoes produce identifiable signatures since TVS
detection is a function of tornado size and strength as
well as radar sampling volume and spatial density. In
the case of the Union City, Oklahoma right-moving tor-
nadic storm on 24 May 1973, the TVS originated at mid-
level within a parent circulation. The TVS descended
to the ground and extended up to at Teast 10 km, as its
relative position migrated to the parent circulation
center. The parent mesocyclone shrank before tornado
touchdown. Minimum core diameter and maximum shear
were reached at the time of largest visible tornado
size. Finally, the TVS dissipated at all heights when
the tornado dissipated.

The relationship between the mesocyclone core
flow structure and TVS is poorly understood. Two pos-
sibilities are considered by Lemon et al. (1978); the
tornado could act as the displaced (reTative to veloc-
ity maxima) circulation center, or the closed tornadic
circulation might have been embedded within the closed
core circulation. Since the TVS did not rotate about
the core center, the first possibility tends to be
supported. However, the TVS initially may have devel-
oped as a second circulation center, but later streng-
thened and dominated the flow to the point that it
became the mesocyclone center. In view of these possi-
bilities, the core circulation relationship to TVS may
be investigated further by using computer simulation.
It is found that simple Doppler velocity patterns can
be adequately simulated.

Combinations of Doppler velocity signatures
are presented in Figs. 3.8a-aa. Closely spaced closed
isodops of opposite signs represent the tornadic vortex
signature (large shear in an azimuthal direction). The
larger Doppler velocity signature--representing the
parent nondivergent mesocyclone--is assumed to remain
invariant in all portions of Fig. 3.8. The normalized
separation distance (D/R) between the mesocyclone cen-
ter and the TVS center is shown varying from 0 to 1/2
to 1. When the distance is zero, the TVS coincides
with the mesocyclone center. For D/R equaling 1/2,
the TVS is contained within the parent circulation
core, halfway from the center to core radius. When
the distance is one, the TVS is at the parent circula-
tion's core radius where the peak tangential velocity
occurs.

The peak tangential velocity for the TV3 is
varied from 1/2 to 1 to 2 times the mesocyclone's peak
tangential velocity. When the ratio is 1/2, the pre-
sence of the TVS has minor impact on the mesocyclone
signature. However, when the ratio is 2 or more, the
TVS is the dominant feature in the Doppler velocity
pattern. When the TVS and mesocyclone centers are
not at the same azimuth (Figs. 3.8j-aa), the zero line
moves toward the TVS center as the relative strength
of the TVS increases.

In the three sets of Doppler velocity signatures
(Figs. 3.8a-i, j-r and s-aa), the orientation of the
centers varies from 0° to 45° to 90° in a clockwise
manner relative to the radar viewing direction. In
Figs. 3.8a, j and s (upper left corner), the presence
of a weak TVS has secondary influence on the Doppler
velocity pattern, regardless of the orientation be-
tween centers. However, when the TVS is strong (e.g.,
Figs. 3.8c,1,u), the Doppler velocity pattern changes
with TVS position relative to the mesocyclone center.
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The horizontal flow fields corresponding to
the third set (Figs.3.8s-aa) are shown in Figs. 3.8bb-jj.
Note that the overall flow patterns are similar when
the two flow features are concentric (D/R=0). As the
two centers move apart, the flow becomes increasingly
elliptical; the circulation center moves from near
the mesocyclone center toward the TVS center as the
TVS becomes stronger.
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3.9 Convergent mesocirculation with embedded tornadic
vortex signature

The previous subsection deals with a tornadic
vortex signature (TVS) within a nondivergent mesoscale
circulation--as would be found at midlevels within a
tornadic storm. Here we discuss a TVS within a
convergent mesocyclone, as would be found at low
levels during the mature stage of a mesocyclone.

The convergent mesocyclone is simulated by adding
pure convergence to pure rotation, both having the
same core radius and peak velocity--as illustrated in
Figs. 3.2e and i. A nondivergent TVS is added to the
right of the mesocyclone center, relative to the radar
viewing direction, as in Figs. 3.8s-jj. TVS peak
velocity (VTVS) varies from 1/2 to 2 times that of the
convergent mesocyclone (VCM); TVS position varies from
the center to the edge of the mesocyclone's core
region.

When VTVS is one-half Vcy, the presence of the
TVS has a minor impact on the overall single Doppler
velocity pattern (Figs. 3.9a,d,g). However, the TVS--
with its pronounced Doppler velocity shear--becomes
the prominent feature when the TVS peak velocity is
greater than or equal to the mesocyclone peak
velocity. Note that the diagonal zero Doppler
velocity 1ine becomes parallel to the radar viewing
direction as it passes through the nondivergent TVS.
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Fig. 3.9a-i Single Doppler velocity patterns for
combinations of tornadic vortex and convergent
mesocyclone signatures having varying strengths
(VTVS relative to mesocyclone peak velocity Vey
various separation distances (D relative to
mesocyclone core radius R). Core radius of
convergent mesocyclone is five times that of the
TVS. Radar is south of flow field.

) and
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Fig. 3.9j-r Horizontal flow fields corresponding
the single Doppler velocity patterns 1in Figs.
3.9a-1. _




3.10 4ake vortices behind an obstacle

Fluid dynamics experiments in the laboratory show
that wake yortices form immediately downstream of a
solid obstacle (e.g., Prandtl and Tietjens, 1934).

In the atmosphere, similar flows have been found down-
stream of thunderstorm updrafts as revealed by air-
craft (e.g., Fujita and Grandoso, 1968; Fankhauser,
1971) and Doppler radar measurements (e.g., Brown and
Crawford, 1972; Toutenhoofd and Klemp, 1983).

In this subsection, we use a simple model to
simulate the main features of vortices behind an ob-
stacle. The model consists of a cyclonic-anticyclonic
vortex pair and uniform environmental flow. The vor-
tices have the same core radius and are located 2R
apart. The environmental wind is oriented perpendi-
cular to a Tine between the vortex centers and is
equal in strength to twice the magnitude of the anti-
cyclonic peak tangential velocity. As part of this
investigation, orientation of the obstacle flow is
varied and the strength of the cyclonic vortex (Vi)
is varied relative to the anticyclonic vortex (Vtzl.

In Figs. 3.10a,d,g, the vortices have equal
strength (opposite sign). The cyclonic vortex is on
the right side of Fig. 3.10a and the anticyclonic vortex
is on the left; the environmental wind is blowing toward
the top of the page (away from the radar) so it exactly
cancels the combined vortex flow midway between the
vortices. When the Doppler radar is pointing in
the direction of environmental wind flow (Fig. 3.10a),
the Doppler velocity pattern is symmetric with the
elongated pattern of minimum flow between the vortex
centers and with maxima on the outer edges of the
vortex cores.

When the flow field is rotated 45° relative to
the radar viewing direction (Fig. 3.10d), the single
Doppler velocity pattern rotates only about half that
amount. Therefore, the Doppler velocity pattern for
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wake flow does not change much if the radar viewing
direction is within 45° of the environmental wind.
However, when the environmental wind is normal to the
viewing direction--so that none of it is measured by the
Doppler radar--the more classical wake flow breaks

down into the "four-Teaf clover” pattern that we have
seen before when viewing a pair of vortices.

The center (Figs. 3.10b,e,h) and right columns
(Figs. 3.10c,f,i) show the patterns when the cyclonic
vortex is 2 and 3 times stronger than the anticyclonic
vortex. As the mesocyclone becomes stronger, identifi-
cation of its anticyclonic member becomes increasingly
difficult. The corresponding horizontal flow fields
(Figs. 3.10 j-r) are similar to those seen in the labor-
atory for stationary and rotating solid cylinders
(e.g., Prandtl and Tietjens, 1934).
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3.11 Summary

In this section we have discussed a variety of
single Doppler velocity signatures that can be found
in severe thunderstorms. A1l of these signatures are
composed of various combinations of three simple flow
fields: wuniform flow, divergence/convergence and
rotation. Rankine combined velocity profiles were
used to produce the divergence and rotation fields.

Samples of the single Doppler velocity patterns
are reproduced here. They are presented in groups

Fig. 3.11a Pure cyclonic rotation (vortex).
The flow would be reversed for anticyclonic
rotatiaon.

Fig. 3.11b  Pure convergent flow. The direction of

the flow would be reversed for divergent flow.
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that should help to make "order out of the chaos"

that the reader may have experienced while trying to
assimilate the information in Figs. 3.2-3.10. When
interpreting Fig. 3.11, the reader should remember
that the Doppler radar is assumed to be positioned

to the south (toward bottom of page), solid contours
represent flow away from the radar (positive), short
dashed contours represent flow toward the radar (nega-
tive) and long dashed lines represent zero Doppler
velocity values. Single Doppler velocity patterns are
on the Teft and corresponding horizontal flow fields
are on the right.
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Fig. 3.17c  Combination of cyclonic rotation
(Fig. 3.11a) and convergent flow (Fig. 3.11b)
where both features have same core radius and
same peak velocity.

Fig. 3.11d Combination of small strong rotation and
large weak convergence.

Fig. 3.11e  Combination of large weak rotation and
small strong convergence.
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Fig.

Fig.

Fig.

3.11f Two divergence regions having same core
radii and same peak radial velocities. Divergence
centers are separated by three core radii and are
oriented at a 45° angle to the Doppler radar
viewing direction.

3.11g  Two cyclonic vortices having same core
radii and same peak tangential velocities. Vortex
centers are separated by three core radii and are
oriented at a 45° angle to the Doppler radar
viewing direction.

3.11h  Combination of a small strong vortex
(tornadic vortex signature) and a large weaker
vortex--representing a tornadic vortex signature
at the edge of a mesocyclone core region. Rela-
tive to the radar viewing direction, the TVS is
at a 45° angle from the mesocyclone center.
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Fig.

Fig.

Fig.

3.111 Two cyclonic vortices having same core
radii and same peak tangential velocities. Vortex
centers are separated by four core radii and are
oriented normal to the Doppler radar viewing

direction.

3.11j Combination of a cyclonic (right) and
anticyclonic (left) vortex having same core

radii and same magnitudes of peak tangential
velocities. Vortex centers are separated by four
core radii and are oriented normal to the Doppler

radar yiewing direction.

3.11k  Combination of a convergent, cyclonic
vortex (right) and a divergent anticyclonic
vortex (left) having same core radii and same
magnitudes of peak velocities. Vortex centers
are separated by four core radii and are oriented
normal to the Doppler radar viewing direction.

23




Fig. 3.11 1 Wake flow represented by a combination

Fig.

Fig.

of environmental flow (equal to twice the magni-
tude of the peak tangential yelocity) and a
cyclonic (right) and anticyclonic (left) vortex
having the same core radii and same magnitudes
of peak tangential velocity. Vortex centers are
separated by two core radii and are oriented

at a 45° angle to the Doppler radar viewing
direction.

3.11m Wake flow represented by a combination
of environmental flow (equal to twice the magni-
tude of the anticyclone peak tangential velocity)
and a cyclonic (right) and anticyclonic (left)
vortex. The vortices have the same core radii
but the magnitude of the peak tangential velocity
of the cyclonic member is twice that of the anti-
cyclonic vortex. Vortex centers are separated by
two core radii and are oriented at a 45° angle to
the Doppler radar viewing direction.

3.11n  Wake flow represented by a combination

of environmental flow (equal to twice the magnitude
of the anticyclone peak tangential velocity) and

a cyclonic (right) and anticyclonic (left) vortex.
The vortices have the same core radii but the magni-
tude of the peak tangential velocity of the cyclonic
member is three times that of the anticyclonic
vortex. Vortex centers are separated by two core
radii and are oriented at a 45° angle to the Doppler
radar viewing direction.
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4.  COMPARISONS OF SIMULATED DOPPLER VELOCITY
FIELDS WITH OBSERVATIONS

Fascinated by the apparent simplicity of
thunderstorm flow patterns, Brown and Crawford
(1972) used a simple obstacle flow model to help
interpret the first single Doppler velocity case
study using an NSSL 10 cm Doppler radar. Continued
use of simple models for rotation and divergence/
convergence has aided in the interpretation and
quantification of single Doppler mesocyclone and
tornadic vortex signatures in thunderstorms (e.g.,
Brown et al., 1973; Burgess, 1976; Brown et al.,
1978; Lemon et al., 1978; Wood et al., 1979;
Burgess et aT., T982; Brown and Wood, 1983).

In this section, we use various combinations
of the rotation, divergence/convergence and uni-
form flow models to simulate actual single Doppler
velocity observations in clear air and within
thunderstorms. As might be expected, the simula-
tions do a good job in reproducing the basic fea-
tures of the Doppler velocity fields, but they fail
to reproduce smaller scale fluctuations.
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4.1 The Ekman wind profile

The role of surface friction is related to
the structure of the boundary layer. The funda-
mental character of the friction region, known as
the Ekman Tayer, may be identified on the radar
display. The Ekman layer equations derived by
Pedlosky (1979) are given by

ULT - exp(-2/8;) cos(z/6)]
U exp (-z/SE) sin(z/GE) ,

u
(26)

il

v

where U is a horizontally uniform geostrophic flow
above the Ekman layer, z the height, and &p the
Ekman Tayer thickness.
the geostrophic velocity as z approaches infinity.
Figure 4.1a displays the vertical profiles of the
velocity components u and v; the hodograph of the
Ekman spiral solution is shown in Fig. 4.1b. 1In
the wind direction and speed boxes, the vertical
profiles describe the variation of wind direction
and speed in and above the Ekman layer and are
given by

spd(h) 0<hcg<H

(27)
‘ -2mh*) sin(2mh*
dir{(h) = 270°-arctan [$§2£pfﬁgﬂ%*§1géS?2W%*)] >

S[1-exp(-2wh*) cos(2mh*)]

where h*=h/H, for convenience. As h* approaches
unity, spd(h) approaches S and dir(h) approaches
270°. A characteristic feature of the Ekman layer
is the gradual turning of the wind direction as
h*+1. The uniform flow U is assumed to blow from
the west (270°). The layer, producing the radar
display shown in Fig. 4.1d, features two wind
maxima at midlevels which would be detected by the
radar, one upwind and one downwind, as indicated

VeTocities u and v approach

56

by the two circled x's. Hatched shading denotes
the excess of the maximum wind speed corresponding
to the "nose" shape in the vertical profile of the
wind speed in the wind speed box. Note that layer
thickness &g is indicated by horizontal dashed
lines in the wind direction and speed boxes and by
shading in the radar display. In Fig. 4.1c, layer
thickness is

Z
= =1 = 2rh*
‘g
or
h = 0.16H
Fig. 4.1 Ekman wind profile. (a) Vertical

distribution of normalized u and v wind compo-
nents; Sg is Ekman layer thickness. (b) Hodo-
graph of Ekman profile, where normalized height
above ground is plotted along hodograph curve.
(c) Wind speed and direction as a function of
normalized height. (d) Single Doppler velocity
pattern through the Ekman profile; Ekman layer
thickness is stippled and "excess" wind speed is
indicated by hatching.
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4.2 Stratiform precipitation on 7 February 1978

Baynton et al. (1977) and Wilson et al. (1980)
have described how their color displays may be used
to interpret data obtained from large-scale prec1p1-
tation systems. Fig. 4.2a is adapted from Wilson's
Fig. 3b, wherein color d1sp1ays of single Doppler
radial ve10c1ty patterns aid in the real-time inter-
pretation of the wintertime stratiform precipitation.
The data were collected at 0905 PST on 7 February
1978 near Sacramento, California. Closed contours
representing upper-level and low-level jets are
evident. The upper velocity maximum core slopes
upward and toward the east-northeast, appearing at
a greater slant range downwind than upwind; this
is because the terrain slopes upward toward the Sierras
to the east. The south-southeast direction of the
Tow-Tevel jet is, at least in part, the result of
channeled winds parallel to the Sierra Nevada under
stably stratified conditions, according to Wilson
et al. (1980).

Another significant feature in Fig. 4.2a is an
S-shaped zero Doppler velocity band as the mean wind
veers with height from the Towest level to near
the edge of the radar display. This band indicates
strong warm advection through this layer. Near the
edge of the display, winds backing with height indi-
cate that cold air is being advected above the layer
of warm air.

Fig. 4.2c shows the simulation of Fig. 4.2a
using a mean vertical profile of horizontal winds
(Fig. 4.2b). A least-squares fit to the wind pro-
file results in the following expressions for wind
speed and direction:
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spd(h) = $[0.25 + 12.37 (1) - 96.95 (2 +
+ 328.43 ({}—)3 - 529.52 ({‘T)4 + 403.97 (%)5

- 17.71 (063

H
0< h< H (28)
: - o h hy2
dir(h) = 149.6°[1 - 2.4 (H) + 36.4 (H)
hy3 h\4
- 8.1 (% +170.6 (Y - 116.8 ()°
+30.9 (M6
where S is the maximum wind speed of 41 m s'] and

= 6.7 km.

There is a striking similarity between the measured
and simulated patterns in Figs. 4.2a and c. Some of the
differences are due to the simplifying assumptions and
to the Tack of taking precipitation vertical velocities
into account.



Fig. 4.2a Elevated Doppler velocity pattern
measured at 0905 PST on 7 February 1978 near (a)
Sacramento, Calif. Stippled area is zero
Doppler velocity band. Velocity extremes are
measured at circled x's. After Wilson et al.
(1980). o

Fig. 4.2b Modeled wind speed and direction pro-
files based on Doppler derived winds (Wilson
et al., 1980).

Fig. 4.2c Simulated Doppler velocity pattern
based on Fig. 4.2b. Heavy dashed line is zero
velocity contour. Solid contours are velocities
away from radar, dashed contours are velocities
toward radar. Velocity extremes are measured at
circled x's.
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4.3 Divergence at the top of the Waurika, Oklahoma
storm of 30 May 1976

On 30 May 1976 the Waurika, Oklahoma tornadic
thunderstorm was observed with Doppler radar (Lemon
and Burgess, 1980). The storm intensified, becoming
a supercell by 1555 as indicated by Doppler radar
data and began to split into left~- and right-moving
thunderstorms. The right-moving supercell storm pro-
duced large hail during its mature stage, and became
tornadic during its collapsing phase. Storm motion
during the severe stage was from 090° at 2.5 m 51
in contrast to the mean environmental wind from 250°
at 15 m s-1.

At 1616 CST a strong divergent outflow near
storm top wasobserved in the single Doppler diver-
gence signature (Fig. 4.3a). The Norman Doppler
radar is 145 km north of the signature center.

The average of the Doppler velocity maxima (located
near the closest_and furthest edges of the radar
echo) is 77 m s~ 1. If one assumes that the peak
values should be 77 m s™1, the measurements sug-_
gest that a Doppler velocity component of -11 m s las
representing the component of storm motion and
environmental winds at the data level--has been added
to the pure divergence signature. In addition, the
divergence signature contains a small amount of
anticyclonic rotation.

In order to produce a simulation of single
Doppler divergence signature analogous to Fig. 4.3a,
core diameter, representative peak Doppler velocity
value, pattern rotation and mean environmental wind
are determined. The mean peak value can be computed
from the expression

Vy(+) - Vy(-)

V& 2 (29)
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where Vq(+) is the more positive (less negative)
peak value and Vq(-) is the more negative (less
positive) peak value. In this case, Vq(+)=66 m s~}
and V4(-)=-88 m s so that V4=77 m s™1. The core
diameter measured between the peak Doppler velocity
values is 22 km. The radial and rotational (tan-
gential) components of V4 can be determined by

L Va sin 6 (30)
Vt = Va cos 0 (31)
where © represents the amount of pattern rotation

from the pure mesocyclone position shown in Fig.
3.1b; counterclockwise rotation is positive.

Cyclonic circulation is a maximum when 6=0°; anti-
cyclonic circulation reaches a peak when 6=180°;
divergence reaches a maximum when 6=90°; convergence
is a peak value when 6=270°. According to Fig. 4.3a,
the amount of pattern rotation_jis 100° so that
Vp=75.8 m s~ ! and V¢=-13.4 m s71.

The parameters, including the mean environmental
wind of 250° at 15 m s~1, are shown in Fig. 4.3b.
The resulting single Doppler divergence signature is
shown in Fig. 4.3c. There is a striking overall
resemblance between Figs. 4.3a and c. Differences
between these figures may be attributed to some
uncertainties in interpretation of Fig. 4.3a,
possibly including some addition of particle fall
velocities or vertical motion at large elevation
angles in the single Doppler velocity data.



Fig. 4.3a Single Doppler divergence signature near
the top of the Waurika, Okla, tornadic storm on
30 May 1976. The center of the divergence sig-

nature is 145 km at azimuth 190° from the Doppler o ' ' T T T
radar at Norman, Okla.; however, the signature has (a) 6 NORMAN RADAR
been rotated so the radar will be beyond the bottom \ 0 Nels car
of the figure. Measured Doppler velocities N 14 km AGL

(m s™') are positive for flow away from radar,
negative for flow toward radar. After Lemon
and Burgess (1980).

Fig. 4.3b Rotation (MESO), divergence (DIV) and
uniform flow (ENV) parameters used to simulate

the single Doppler velocity measurements in
Fig. 4.3a.

DISTANCE (km)

Fig. 4.3c Simulation of single Doppler divergence -0~
signature as in Fig. 4.3a. Positive (negative) WAURIKA STORM
values of single Doppler velocities (m s-1) are s ;
represented by solid (short dashed) contours. 215 -10 5 0 5 i0
Zero Doppler velocity has a long dashed contour. DISTANCE (km)

Dark dot is the center of the divergence signa-
ture, taken to be coincident with the grid center.

(b) (c)
2 T T T T | i
KEY T T T T T
v =-13.4 m/s , Vp,y =758 m/s , Vgpy = / SIMULATION
MEso = —13.4 m/s, V=758 m/s, Vepy :35305 WAURIKA STORM
101~ Rumeso =1 km, Row = 11 km

30 MAY 1976

—

DISTANCE (km)
DISTANCE (km)

Zi5 -0 -5 0 5 10 5 -1s
DISTANCE (km) DISTANCE (km)

61




4.4 Mesocyclone and TVS in the Binger, Oklahoma
storm of 22 May 1981

During the afternoon of 22 May 1981, a super-
cell storm produced five sequential tornadoes in
central Oklahoma (see Lemon et al., 1982). The
first echo of the storm was observed northeast of
Childress, Texas, near the Oklahoma border around
1500 CST. After moving northeastward into west-
central Oklahoma, the echo grew in intensity and
became severe,producing 6.4 cm hail by 1720. The
first of the five tornadoes touched down at about
1725 and the last one dissipated about 1935.

The largest and most violent of these tornadoes
was the Binger, Oklahoma tornado. Because of its large
size at a range of 60 to 80 km from the Norman Doppler
radar, its tornadic vortex signature (TVS) was unusually
strong. At 1909 (Fig. 4.4a), the TVS core diameter was
about 1 km (one beamwidth) and the signature's velocity
difference was 115 m s-!; Doppler measurements typically
overestimate tornado diameter and underestimate peak
tornado rotational velocities (Brown et al., 1978).

The separate 20 m s™1 contour to the right of
the TVS in Fig. 4.4a is interpreted to be the right
side of the parent mesocyclone signature. Meso-
cyclone center is estimated to be 1 km to the right
of the TVS center (Fig. 4.4b). The simulated
Doppler velocity pattern (Fig. 4.4c) based on the
parameters in Fig. 4.4b bears a very good overall
approximation to the actual data--indicating that
the model in Fig. 4.4b is realistic.
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Fig. 4.4a Single Doppler velocity signature for the
Binger, Okla. tornadic storm on 22 May 1981. The
center of the mesocyclone signature is 70.8 km at
azimuth 284.4° from the Norman Doppler radar; how-
ever, the signature has been rotated so the radar
will be beyond the bottom of the figure. Measured
Doppler velocities (m s‘]) are positive for flow
away from radar, negative for flow toward radar.
After Lemon et al. (1982).

Fig. 4.4b Mesocyclone and TVS parameters for
simulating the single Doppler velocity measure-
ments in Fig. 4.4a.

Fig. 4.4c Simulation of single Doppler TVS-meso-
cyclone signature as in Fig. 4.4a. Positive
(negative) values of single Doppler velocities
(m s™!) are represented by solid (short_dashed)
contours. Contour increment of 10 m s~ ! begins
at zero Doppler velocity (long dashed contour).
Dark dots indicate the centersof the mesocyclone
signature and TVS,

(b)
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4.5 Convergent mesocyclone and TVS in the Fort
Cobb, Oklahoma storm of 20 May 1977

During the afternoon and evening hours of
20 May 1977, sixteen tornadic storms occurred in
western and central Oklahoma (Ray et al., 1981).
The storm that produced the Fort Cobb tornado has
been selected for comparison with a single Doppler
velocity simulation. At 1643 CST, Fig. 4.5a (which
is the same as Fig. 11a in Ray et al.) shows the
single Doppler radial velocity components measured
by the National Center for Atmospheric Research's
(NCAR) CP-4 radar located at Hinton, Oklahcma.
The center of the mesoscale circulation is 38.5 km
at arinuth 192.8°, south-southwest of the CP-4 radar;
note that Fig. 4.5a has been rotated so the radar
will be beyond the bottom of the figure. At this
time, the tornado was on the ground, as indicated by
the stippled damage path in the figure. Figure 4.5a
is interesting because the mesoscale circulation in
which the tornado is embedded is strongly convergent
at low levels. Although the exact position of the
tornado at this time cannot be determined, it appears
that the tornado is located roughly 0.9 km to the
south of the parent circulation, as indicated by strong
azimuthal gradients of single Doppler radial velocities
across the tornado damage path.

Parameters used to simulate the single Doppler
velocity measurements are displayed in Fig. 4.5b. The
core radii of the parent mesocyclone's rotational and
convergent components are assumed to be the same. It
should be remembered that the TVS parameters are for
the Doppler velocity signature of the tornado and do
not represent the tornado itself (which is not directly
measured because it is smaller than the radar beamwidth),
The simulation (Fig. 4.5c) bears an overall resemblance
to the actual data. We do not expect fine-scale
features to be reproduced.
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Fig. 4.5a

Single Doppler signature for Fort Cobb

tornado and parent mesocyclone on 20 May 1977.
NCAR's CP-4 radar is located beyond bottom
The center of the grid is also the

of figure.
mesocyclone center.

Measured Doppler veloci-

ties (m s=!) are positive for flow away from
the radar, negative for flow toward the radar.
After Ray et al. (1981).

Fig. 4.5b Parameters used to simulate the
single Doppler velocity data in Fig. 4.5a.

Fig. 4.5c Simulation of parent circulation in
which the TVS 1is embedded as in Fig. 4.5a.
Solid (short dashed) contours represent positive
(negative) values of single Doppler velocities

(m s~ 1),

Contour increment of 5m s~ !

starts at

the zero Doppler velocity (long dashed) contour.
Dark dots refer to TVS and mesocyclone centers.
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4.6 Wake vortices in the Agawam, Oklahoma storm
of 6 June 1979

In the early afternoon on 6 June 1979, two adja-
cent small radar echoes appeared about 120 km southwest
of the Norman Doppler radar. They separated as they
moved northeastward and the right-most echo (looking
in direction of storm motion) started curving toward
the right after 1400 CST. As the right-moving Agawam
hailstorm moved toward the radar, the signatures of
wake vortices were very evident. The major updraft
area along the storm's upwind edge evidently acted
as the obstacle for the environmental flow.

Figure 4.6a shows the single Doppler velocity
field at 1546 CST at a height of 4.5 km. A1l flow
is toward the radar (at bottom of pa?e) and the environ-
mental wind at this level is 19 m s~! toward the radar;
Doppler velocities stronger than 16 m s-1 (toward radar)
are stippled. Note that velocities greater than the
environmental wind are in the outer portions of the echo,
and a pronounced region of weak velocities is in the
inner portion. A strong cyclonic vortex--qualifying as
a mesocyclone--is evident in the upper left part of the
echo.

Parameters used to simulate the wake flow region
are shown in Fig. 4.6b. Four vortices and the observed
environmental wind are used in the simulation. We found
that, with a simulation this complex, we did not have
the flexibility to reproduce each of the four vortices
accurately. Apparently the difficulty was caused by
adding a uniform environmental wind to the entire field.

The resulting Doppler velocity simulation is pre-
sented in Fig. 4.6c. Again, velocities toward the
radar in excess of 16 m s-1 are stippled. In spite
of the simulation difficulties, the overall pattern
has been reproduced--as in all the other simulations.
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Fig. 4.6a Doppler velocity measurements in the
Agawam, Oklahoma hailstorm of 6 June 1979. All
Doppler velocities are toward the radar, located
39 km bel?w the grid center; contour interval

is 4ms '. Doppler velocities (toward radar)
in excess of 16 m s-1 are stippled; the environ-

! 1 I
NORMAN DOPPLER

Environmental |\ Storm- 6 JUNE 1979
Wind Relative 1546 CST |
Wind 4.5 kM

mental wind is 19 m s-1.

Fig. 4.6b Parameters for the four vortices and
uniform environmental wind that were used to
simulate Fig. 4.6a.
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Fig. 4.6¢c Simulation of two pairs of wake vortices.
Doppler_velocities (toward radar) in excess of

x ; : -1
16 m s~1 are stippled; contour interval is 4 m s~ .
Dark dots indicate vortex centers. Small open
circle indicates grid center.
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