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INTERACTION OF TWO CONVECTIVE SCALES WITHIN
A SEVERE THUNDERSTORM: A CASE STUDY

Leslie R. Lemon

National Severe Storms Laboratory
Norman, Oklahoma 73069

Detailed surface and radar data show an organized
persistent severe thunderstorm that blends elements of
.the classic supercell (Browning and Donaldson, 1963)
and the multi-cell storm (Marwitz, 1972). Changes of
supercell strength reflect the contributions :of cells
from a flanking line that overtake and combine with
the main storm. One cell led to deepening the storm
mesodepression and increasing surface convergence as
it merged with the supercell weak echo (updraft) region.
Cells move both to the right and left as well as with
the mean winds. Surface data reveal a large persistent
mesodepression, associated convergence area and one
principal downdraft along with smaller mesohighs and
accompanying divergence regions.

1. INTRODUCTION

The Thunderstorm Project results (Byers and Braham, 1949) show thunder-
storms to be groups of convective cells (updraft-downdraft couplets), each a
few kilometers in diameter. Browning and Ludlam (1962) and Browning and
Donaldson (1963) developed the concept of a large quasi-steady supercell,
typically 20 km to 50 km in diameter. The squall line, another basic storm
type, is a lateral alignment of persistent cells (Newton, 1963 and others).
Marwitz (1972) proposed a classification system that included storms in an
environment of strong vertical wind shear, where one large cell changes
steadily by periodic discrete propagation on the front flank.

This study of a storm on 25 June 1969 reveals two interacting convective
scales within a strongly sheared environment. The storm blends the multi-cell
and supercell types while propagating both discretely and continuously. Radar
and surface data show small and large convection scales and their interactioms.

2. SYNOPTIC SITUATION

Jessup (1972) considered the synoptic situation. In general, thunder-
storms were prefrontal with a low-level, warm, very moist layer (wet-bulb
potential temperature Vv 26C, dewpoint &~ 30C). The Lifted Index was ~6 and the
average vector shear (850 to 100 mb) in the cloud-bearing layer was 6.5 x
10-3 sec‘l, as taken by 0600 and 1800 CST soundings from Tinker Air Force Base



18 km northeast of the radar site at NSSL headquarfers. The 0600 hodograph
(Fig. 1) indicates strong low-level. veering, a low—level jet, and upper tropo
spheric flow of about 30 m sec -1

3. INSTRUMENTATION AND DATA HANDLING

The NSSIL mesonetwork (Flg. 2) during 1969 storm observations averaged
11 km spacing between stations which recorded surface wind speed and directio
barometric pressure, relative humidity, temperature, and rainfall. See
Sanders (1965) for complete instrumentation, calibration, recording, and data
sorting techniques used in network operatioms. -

80° *2A °l 40
30 -m sec' WKY
2B *2C
*3B -
ELPYY
NSSL =
270°
L—/
mkm
Figure 1. Hodograph of Tinker AFB Figure 2. NSSL 1969 surface mesonet-
.rawinsonde winds for 0600 CST, : work station locations with 20 km
25 June 1969. Motions of storm radar range marks. The mesh size
and weak echo region (WER) are (3.175 km) of the surface analysis
included. ; grid is shown in the upper left

corner.

Surface data from 1530 to 1830 (all times are CST) on 25 June were
reduced and systematic errors removed by use of each station's calibration
records. Uncertainties of + 22.5° in instantaneous wind direction were
reduced through 5-min averaging and smoothing. Individual station biases in
- pressure are eliminated by referencing pressure deviations to individual 3-hr
linear trends determined by regression analysis.
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Our objective analysis uses asynoptic data and has been described by
 Barnes (1973). Data consisting of wind speed and direction, divergence,
vorticity, temperature, relative humidity, wet-bulb potential temperature,
and pressure are .analyzed on a 3.175 km grid. Significant features are
compared with radar echoes.

The NSSL WSR-57 10-cm radar with a 2° conical beam width was used with
an antenna scan rate of 1.5 rpm. The WSR-57 return signal, processed and
recorded on magnetic tape, was displayed remotely as described by Wilk and
Kessler (1968) and Sirmans et al. (1970). Range-height data were also recorded
from a 4.7 cm MPS-4 radar with a 1.4° conical beam width. During each scan,
35-mm cameras'automatically photographed both radar displays. Digital WSR-57
radar data were taken as the storm moved across the network while the antenna
was continuously ¢ycling in elevation from 1° to 4° (at 1° intervals). The
data were converted to a CAPPI presentation (Henderson, 1972), at intervals
of 1 km from 1 to 4 km above the terrain. Then CAPPI displays were contoured
and transferred to network base maps. .

4. STORM HISTORY

Lemon (1970) and Jessup (1972) briefly discuss the storm's behavior and
path from its inception at 1455 until it began moving into the network around
1600. It first moved with the mean flow in the cloud bearing layer, which
was from 227° at about 24 m sec™l. As the storm moved into the network, it
slowed and turned to the right. The storm complex as a whole moved from 248°
at 9 m sec~1 through the network while the weak echo region (WER) moved from
about 248° at 13 m sec™l. '

The first hail reported by cooperative observers occurred at 1545 and the
last occurred at about 1945. Reports of 3 to 4 cm diameter hail were common,
with the average size 1.5 cm and largest 5 cm. Reports of National Weather
Service, Air Force, cooperative observers, Storm Data, and radar data, indicate
that the storm produced hail nearly continuously.

The author first clearly viewed cloud base beneath the WER around 1640
to 1645. Organized cyclonic circulation was then observed, with cloud base
estimated at 1 km above the terrain. Around 1700 to 1705 a funnel cloud
formed above the thunderstorm's cold air outflow, with the funnel's lowest
. portion extending below 500 m. At 1707, station 5D recorded a sharp pressure
dip of 3.8 mb and wind gusts of 35 m sec™ as the funnel passed near the
station. ’

5. RADAR ECHO CHARACTERISTICS

Pertinent features of the radar echo from 1616 through 1700 are shown for
the 1 km level at 5-min intervals by contoured CAPPI displays, derived from
processed digital radar data (Fig. 3). One prominent feature in the echo
series (see especially 1630) is the apparent anticyclonic lee eddy which emerges
from the echo and moves away. Both structure and physical implications are

considered in the second paper in this technical memorandum.



4
Ok

f \
1624 ¢csT | : : }
g é gl |

Figure 3. CAPPI radar displays for 1 km elevation, obtained from digital radar
data. Reflectivity contour values are in dBZ. Unlabeled reflectivity
maxima are indicated by (+) and minima by (-). A few representative net-—

-work stations are marked. Surface wind field discontinuities are labeled
at 1616; WSL--wind shift line, SL--surge line, MCO--mesoscale cold occlusior
and GF--gust front. Small darkened triangle at juncture of SL and MCO
indicates the wave crest. Cells are indicated by Cl, C2, C3, C4, and two
high reflectivity cores by CR1 and CR2. Analysis features are discussed
on page 1l.
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At 1616 there are two adjoining echo reflectivity masses exceeding 46 dB:
The first is centered 8 km west of station 6B and is the core of the storm
under study. The second area, or storm, is centered 15 km west of the first.

5.1 Supercell Structure

- This storm maintained the supercell structure (Browning and Donaldson,
1963 and Browning, 1964) as shown by Lemon (1970), including a large weak
- echo region (WER) and a smaller, narrower structure within the WER (the vault;
where updraft is believed to be strongest. Above the vault the storm also
maintained one maximum echo top at 18.5 km through the analysis period as
indicated by the Oklahoma City National Weather Service WSR-57 radar. Data
from the MPS-4 radar indicated an average diameter of 16 to 18 km where the
echo top emerged at a height of 9.5 km from surrounding echo.

The distinctive supercell feature is the hook appendage, which developed
at the 1 km level at 1630, 3 km west of station 7A in the 42 dBZ contour (see
Fig. 3). The hook moved from 246° at 13 m sec™l (with the WER) and was
tracked into the radar ground clutter after 1700. Between 1 and 2 km levels,
it was tilted 53° from the vertical in a south-to-north slope.

‘5.2 Storm Motion

-Marwitz (1972) established that at least one primary source for rightward
motion of supercells is continuous propagation. While new updraft forms on
. the right WER side, old updraft dissipates on the left. The 25 June storm
moved through the network 21° right of the mean winds. Discrete propagation
occurred between 1616 and 1644 as developing cells in a line on the right
rear flank merged with the storm. This process is detailed in the next
section. From 1644 through 1700 the storm also moved to the right, although
discrete propagation was not observed. Continuous propagation might explain
the rightward motion.. A complicating factor of thunderstorm rotation exists
in this case. Fujita (1965), Goldman (1966), and Charba and Sasaki (1968)
have proposed the Magnus effect to explain storms deviating to the right of
the mean winds. A contribution from this force may have been realized.

5.3 Multi-cell Strucfure

_ Unlike supercell storms synthesized to date, this storm propagated
discretely during part of its supercell stage. At 1616 (Fig. 3) an echo band
extends southward about 13 km south-southwest of the storm's core turning
near station 8A more westward. The cellular nature of the echo line is found
at higher. levels (not shown). The line lies parallel and behind the advancing
gust front and was probably initiated by the discontinuity. The echo band
called a "flanking line," projects more directly westward between 1635 and
1644. Henderson (1968) states that this structure represents major storm
inflow and is quite common in single cell storms. Dennis et al. (1970)
described the flanking line as '"feeder clouds." The author, observing this
area visually about 1615 to 1620, noticed a line of rapidly growing cumulus
merging with the main cumulonimbus from the southwest.



Echo segments identified as cells are so named because: (1) the echo’
segment is resolvable with height in the form of a reflectivity core (or tower
on the RHI radar), and/or (2) the echo segment's general structure and movement
do not change with time. Intermittent RHI data show cell tops of 10 to 13 km.
Where the cells rise above surrounding echo they are 2 to 6 km in diameter, or

nearly an order of magnitude smaller than the major storm top.

Three identi-

fiable cells develop within the flanking line and overtake the storm, merging

with or moving through the storm echo.
Two high reflectivity cores (CR1l and CR2) persist at the 1 km
Unlike those commonly associated with the cell

uncertain.
level and are trackable.

Origin of the remaining cells is

complex (Marwitz, 1972; Chisholm -and Renick, 1972) the centroids of cells
move with varying directions and speeds, e.g., 214° at 18 m sec‘1 to 243° at

19 m sec™! (Fig. 4).

Cells C2, C3 and C4 (Fig. 3, 1624-1700) although moving unusually,

develop like those in other multi-cell storms:
flank, movement with the stofm and dissipation on the left flank.

development on the right rear
- These cells

had little effect other than propagation on the supercell structure.

The area a few kilometers north of the WER where refléctivity cores CR1
and CR2 developed (Fig. 3, 1644-1700) is commonly a hail area in supercells:
Observers and other surface reports verify that these cores contain large

hail.

They are probably hail shafts as opposed to updraft-downdraft couplets,

and therefore a consequence of the supercell structure.

Cell C1 is'easily'identified at the 1 km level only between 1619 and

1624 as it moves from the flanking line (Fig. 3).

Afterward, at both 1 km and

higher levels, the cell merges with surrounding echo at the WER edgé and can

no longer be identified.
impact on the supercell updraft.
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Figure 4. Mean wind (MW) velocity and
direction, and cell paths relatlve
to surface network.

Surface data indicate that Cl has an important

6. SURFACE WEATHER

This section treats wind (related
gust fronts, convergence and diver-
gence), pressure, and wet-bulb potential
temperatures (8y) and their relation-
ships to radar echo structure. Objective
analyses of these fields from 1615 to
1700 are shown in Appendix A.

6.1 Surface Discontinuities

A distinctive arrangement of
meteorological discontinuities is
associated with the storm's surface
structure. These discontinuities are
described briefly below. General
characteristics are illustrated in
Figs. 3, 5 and 6. The reader may refer
for details to Appendices A and B.
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Structure of sources, sinks and the
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findings of Barnes (1972) and
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6.1.1 Wind Shift Line

A moderate thunderstorm moving through the network between 1430 and 1545
produced the wind shift line, or WSL (Fig. 3, 1616). The leading outflow edge
(often termed "first gust" or "gust front") advanced over nearly all the
northern and western network portions by 1600. Continued slow eastward motion
is marked by a wind shift from southerly to southwest or west, minor speed
change, unchanged or slight pressure rises, and 8, falls of 1 to 2C. By 1635

‘the discontinuity is quasi-stationary, .along the eastern and southern portiomns

of the network. It is apparently along this gust front southwest of the
network that the major storm develops. . Near the surface convergence area
(broken warm front symbols, Fig. 3, 1616), the WSL returns north and north-
eastward. The existence of the WSL is apparently prolonged by divergence
which occurs behind it in association with the major storm from 1615 through
1640. '

6.1.2 Surge Line

The "surge line" (SL), part of one "thunderstorm scale" airmass interface,
is embedded within a light precipitation region, and its passage is followed
by an increase of wind speed and gustiness. Commonly, wind direction shifts
only slightly (i.e., 0° to 30°) as the SL passes. High relative humidity
90%Z to 100%Z and a pressure trough further characterize the SL. Within a few
minutes after passage of the surge line, 6y drops sharply (3 to 5C).

6.1.3 Mesoscale Cold Occlusion

The second section of the joint discontinuity is labeled MCO or "mesoscale
cold occlusion" because of the similarity of its location to the synoptic
scale cold occlusion. The MCO differs markedly from the SL in that the wind
direction shifts abruptly from northeast to southwest and its speed increases
with MCO passage. As shown in Sections 6.3 and 6.4 the area a few kilometers
ahead of the MCO is dominated by the storm mesodepression and surface roots of
the supercell updraft. Inflow to this region originates from a moist rainy
downdraft with 6y values of 25 to 26C. Behind the MCO the surface is dominated
by air with 6y v 21C that has descended from mid-levels (deduced from 0600 to
1800 soundings).

6.1.4 Gust Front

The last discontinuity termed the "gust front" (GF) resembles the Colmer
(1971) and Charba (1972) gust fronts. The pressure starts to rise a few
minutes before the gust front passage, and the wind shift, gustiness and
temperature break occur together as it passes. Winds shift from south-southeast
to northwest, then gradually to the northeast. A warm, very moist air mass
with 8, values of 27C is found along and south of the GF at the roots of
flanking line updraft.

6.2 Mesocyclone

One-minute wind data clearly show the presence of cyclonic circulation or
a mesocyclone after 1640. Five-minute averaged data used in the analyses

11



portray only weak circulation, however. Location of the point sink or meso-
cyclone center in Fig. 5 is imprecise, but analog wind records and isochrone
analysis show both circulation center and wave crest passed north of stations
7A and 5D and south of 6C and 6D. These data, coupled with wave crest config-
uration and evolution, indicate a coincident mesocyclone and crest.

6.3  Pressure

Surface pressure distribution is generally consistent with echo, disconti:
nuity, and mesocyclone structures. Pressure contours (line-dot) and centers
(open dots, extracted from analyses in Appendix A) relate to other surface
features in Fig. 6 and can be compared to Fig. 3 for lcations relative to the
radar echo. Fig. 7a includes the objectively determined maximum pressure
deficit of the major mesodepression (Lj) as a function of time.

o
(=}
o

L
o

|
N
el

!
[
[

L;CENTRAL PRESSURE MB

L]
-~

34
32t / \

; / \
30t . A
28f ’ v \'/

24« /

22F S d

20 P T U S U U
ISO[ ' A c
140

120f /- A\

oo .//J \ -

~— —v

|CONVERGENCE]| % 107* sec™!
N
(2]
~

CONV. AREA km?

L I

60 L — 2 ' .
1615 1630 1645
TIME

1700 1715

Figure 7. Time versus objectively analyzed surface values of: (a) minimum
pressure of supercell associated mesodepression L, (b) maximum convergence
associated with Lj, and (c¢) planimeter determined areal coverage within
-1.5 x 10~3 sec~1 convergence contour.

12



S ——

Recently Barnes (1972) has presented evidence showing separation of the
circulation center and mesodepression. This study reveals that, at the time
of greatest pressure deficit (1640 to 1650), the lowest pressure is coincident
with the circulation's center; at other times the circulation is apparently
too weak to bring them into coincidence. Although the lowest pressure deficit
(Fig. 7a) based on the objective analysis (with smoothing of data) is -2.5 mb,

- unsmoothed processed data indicate a low of at least ~3.1 mb.

The effect of new cell merger with the supercell indicates a possible
explanation for pressure center location shifting from east of the mesocyclone
center to coincidence with it (Fig. 6, 1625-1640). At 1625, a second low, L2,
appears southwest of Lj, beneath echo Cl. Low Ly in cool surface air behind
the GF most 1likely reflects the updraft belonging to Cl. By 1630 the center
of Ly is beneath the newly developed hook echo, while a narrow pressure trough
extends northeast and joins with depression Lj. At this time Cl can no
longer be distinguished on radar. By 1640, L2 is completely .absorbed by Lj.
From 1630 to 1635 the location (relative to the ground) of lowest pressure in
L} remains unchanged while its location relative to the wave crest shifts from
east to near the crest.

Moreover, two other events coincide with the merging process that occurs
between 1625 and 1640. First, the edge of the 36 dBZ contour of the hook echo
approaches the wave crest (Fig. 3). At 1624 the 36 dBZ contour edge in the
area of hook echo formation 7 km from the wave crest, steadily approached the
wave until 1641 when it was 4.5 km to the southwest. Second, pressure within
L1 lowers steadily and most rapidly during the merger of Ly and Lj, reaching
its lowest value from 1645 to 1650 (Fig. 7a). Pressure lowering within Lj
directly affects associated convergence (Section 6.4).

Mesohigh Hj develops or is first detected at 1630 beneath C3. This
excess-pressure region, associated with the precipitation core and downdraft,
builds steadily and becomes the principal thunderstorm high. Central pressure
excess values of 2.0 mb are reached shortly after 1700. Other smaller and less
significant pressure centers also occur.

6.4 Divergence

The important convergence region (for strength and storm organization) is
centered near the MCO, although some convergence is also characteristic of the
other surface discontinuities. The convergence area (-1.5 x 10-3 sec‘l, Fig. 6)
lies along and east of the MCO until 1640 when it becomes more symmetric about
the line. The region moves with the storm WER, reaching maximum strength and
greatest spatial coverage between 1645 and 1650 when surface pressure is
lowest in mesodepression Lj (see Fig. 7). The strengthening and increased
coverage of convergence coincides with later merger stages of depressions L)
and Lj, and the corresponding deepening of Ly.

Divergence region D is relatively weak (2.3 x 10”3 sec™l) and initially
associated with the wake eddy and a rainy downdraft. It is important from
two standpoints. The WSL existence is prolonged by rejuvenation of outflow
behind it, and Dj provides a warm nearly saturated surface air mass feeding
the mesocyclone from the northeast. Region D2 enters the network's west edge
at 1620, and throughout the analysis associates with the principal downdraft

13



near the 'storm's réar edge. The region associated initially with a surface
line source downdraft but gradually transposes to a point source by 1645
(see Fig. 5).

7. CELL MERGER WITH SUPERCELL

Streamlines coupled with 8, fields (Appendix A) indicate that much
surface mesocyclone inflow originated with divergence Dl'. The potential
temperature of supercell inflow averaged 2.4K less than in the air south of
the GF in the source region for cell updrafts. One of the flanking line cells
was entrained by the supercell updraft. The cell initially shielded the
updraft from direct entrainment of dry mid-level ambient air approaching from
the southwest. Three causes probably contributed to increased buoyancy and
vertical acceleration of supercell updraft air: (a) increased volume of
undiluted updraft air, (b) addition of warmer air from the smaller cell
updraft, and (c) increased convergence at the surface in response to falling
pressures in the mesocyclone. Increased vorticity convergence may also have
enhanced updraft rotation, which would have further increased low-level
convergence and decreased mid-level entrainment, as shown by Ward (1967). The
overall effect of cell merger with the supercell is increased upward velocity
(and possibly rotation as evidenced by hook echo formation) in the supercell,
bringing decreased surface pressure and increased surface convergence.

8. CONCLUSIONS

A proper storm classification system will include supercell storms with
flanking lines. NSSL radar film and visual observations (Golden, 1972)
indicate that supercell storms with accompanying flanking lines are common,
often severe, and relatively long~lived in Oklahoma. Two notable examples
are tornadic storms studied by Barnes (1973b) where surface structures
included WSL dilatation type dlscontlnultles in the surface mesocyclone vici-
nity, and flanking lines.

When entrained into the supercell updraft, cells within the flanking line
increase surface convergence, thereby increasing vertical velocity, and some-
times initiating or amplifying rotation.
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THUNDERSTORM WAKE VORTEX STRUCTURE
AND AERODYNAMIC ORIGIN

. Leslie R. Lemon

National Severe Storms_Laboratory’
Norman, Oklahoma 73069

The radar and surface structure of a severe thunder-
storm's wake vortex are examined. Two aerodynamic
explanations for wake vortex formation are considered:
Karmdn vortices. and starting vortices to the updraft lee.
Kidrmdn vortices would form, as do those observed, within
the echo core at the updraft lee "edges'" and move down-
stream with the ambient flow. However, in contrast to
Kérmén's theory, the radar reflectivity distributions are
consistently anticyclonic. The starting vortex would
develop during the transition of a thunderstorm updraft
from a non-rotational to rotational state, as a vortex
of comparable strength and opposite circulation. Four
other thunderstorms also produced severe weather, increased
intensity rapidly, and turned right or formed hook echoes
contemporaneously with vortex shedding.

1. INTRODUCTION

In the past 15 yedrs, abundant evidence and theoretical developments have
shown that thunderstorms act to some extent as barriers to the ambient winds.
After Byers (1942) suggested that . a thunderstorm is analogous to a circular
cylinder embedded in potential flow, Newton and Newton (1959) proposed that
this condition arises from the vertical transport of low-level horizontal
momentum by the updraft. Fankhauser (1968, 1971) concluded from aircraft
measured winds and chaff trajectories that mature thunderstorms both ingest
and divert mid-tropospheric ambient air. Brown et al. (1973), using Doppler
radar, found that both the updraft and associated tornado cyclone circulation
in a severe thunderstorm block the relative flow. These findings establish
the diversion of mid-tropospheric air around storm updrafts and accompanying
mesoscale circulations.

Lemon (1970) showed that wake eddies are occasionally shed from severe
thunderstorm updrafts and can be detected in the accompanying radar echo.
Jessup (1972) analyzed chaff trajectories around one of the same storms
analyzed by Lemon and confirmed the presence of wake vortex circulation. The
hypothesis that air columns may obstruct the flow sufficiently to shed vortices
is supported by McMahon's et al. (1971) laboratory experiments revealing
vortices shed from a turbulent jet exhausting into a cross wind.
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This paper examines the surface structure of Lgmon's wake vortex (1970)
with a considerably refined objective analysis technique, and considers the
physical explanation of such eddies. Three other wake eddy occurrences are
conmpared with the primary case. ' '

2. RADAR DATA ANALYSIS

Through synthesis of radar film data Lemon found that waké eddies
develop in a systematic manner: ' »

1. The eddy is first detected in thunderstorm mid levels at the lee
core edge (v 40 dBZ) through a finger-like intrusion of lower reflectivity
echo from the echo's forward flank (Fig. la). :

2.  As entrainment of low reflectivity echo increases and curves anti-
cyclonically, a semi-circular arc or crescent of higher reflectivity
(Ze > 40 dBZ) echo results north of the intrusion and joins the main storm
echo at its left flank. This reflectivity signature moves somewhat to the
left of the cell's high reflectivity core (Fig. 1b). The same sequence occurs
at progressively lower altitudes.

3. Flow (identified by time-lapse radar film of crescent and intrusion)
continues to converge anticyclonically toward the eddy center, while
reflectivities weaken in crescent and intrusion as the eddy moves away from
the main storm (Fig. lc).

4. The intrusion often dissipates more rapidly than the crescent,
leaving the echo crescent connected with the major parent echo only at the
crescent base (Fig. 1d). Apparent circulation continues until the crescent
echo also dissipates.

Analysis of digital radar data in CAPPI format for the 25 June 1969 storm
has not added to these findings. However, digital data does provide accurate
radar signature positioning with surface data. It also helps to identify
changes in general storm characteristics during eddy shedding. One such
change is a rapid increase in PPI echo intensity.

At 1610 (all times are CST), 5 min before the radar first indicates
eddy formation, areal coverage of echo > 52 dBZ is 4, 8, and 0 km2 at the 1, 2
and 3 km levels, respectively. During the next 14 min, coverages increased to
24, 62, and 60 km2, respectively. During this period there is also a gradual
rightward turn in storm motion, first strong indications of hook echo forma-
tion and first 2.5 cm diameter hail.

Radar eddy motion is to the left of the storm. Eddy movement from 1615

through 1700 is from 230° at 20 m sec'l, or nearly with the mean wind of 227°
at 24 m sec™l. Storm motion was 248° at 9 m sec~l.
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Figure 1. WSR-57 log contour displays 25 June 1969 showing stages of wake
eddy development. Arrows indicate (1) low reflectivity intrusion, (2)
high reflectivity crescent echo. In b, storm and eddy movement are also
indicated by dashed arrows. Range marks are 20 nautical miles in a and
10 n mi in b, ¢, and d. Antenna elevation is 2° in each.
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3. SURFACE DATA ANALYSIS

Surface mesonet: observations are obJectlvely analyzed (after Barnes,~,
1973) and related to flow and persistence of the wake vortex. Our new
fconc1u31ons differ somewhat from earlier findings (Lemon, 1970).

v3.l Wlndr

While significant anticyclonic vorticity is not measured at the surface,
‘some eddy effect is noted. Winds are predominantly southerly beneath the
“eddy radar signature . (1624-1700) except during 1616-1624 when flow was
divergent from westerly or northwesterly on the right eddy flank (relative to
. eddy motion) to southerly on the left flank.

The,weakened eddy reflectivity structure passed over the 500 m WKY
television tower meteorologically instrumented at six levels (Sanders and
. Webber,.1970). No discernible change in prevailing meteorological conditions
was recorded by the facility during eddy passage (1655—1710) Lack of marked
~surface circulation is explained in section 4. ' '

3.2 Divergence

From 1616 through about 1630, positive values of divergence dominated
the eddy (Fig. 2). Rainfall rates, at station 5A, were 2.5 cm/hr beneath
and near the eddy center between 1616 and 1619. These rates probably were
creating subsidence from precipitation drag. Association of the eddy circu-
lation and descending air near its center would help sustain or augment the
circulation by vertical stretching. This effect must have been short-lived,
however,  since eddy-associated surface divergence became" d1sorganlzed weak,
and apparently disassoc1ated from the eddy by 1635. .

3.3 Pressure

A small, weak pressure excess exists beneath the eddy crescent between
1616 and 1619 (Fig. 2). This is probably associated with high liquid water
content aloft (Zg > 42 dBZ) and an associated downdraft. By 1624, although"
weakening divergence still accompanies the eddy, the pressure excess is
replaced by general lower pressure. At 1630, a closed pressure,deficit
- (-1.0 mb) forms beneath the radar eddy center. ‘Subsequently the small low
moves northeastward more slowly than the eddy, remaining at its rear flank,
while low pressure dominates the entire signature (Appendix A).

3.4 Wet-bulb Potential Temperature

Objective analyses of the 6, field (Appendix A) reveal maximum values
(25C < 8y < 26C) beneath the eddy. This air descended in the eddy-associated
downdraft from 1616 to 1630, displacing 23C to 24C surface air from an old
thunderstorm outflow region. This downdraft is unlike most others, which are
‘characterized by lower 8. Rather distinct anticyclonic curvature of the
region of maximum 8 coincided well with the low reflectivity intrusion aloft
from 1616 to 1630 (Fig. 3). The 6y maximum subsequently moved with the eddy
and merged with a second high 8, region northeast.
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Why do the orientation and curvature of the surface &y maximum and eddy
intrusion match so closely when there is no surface circulation? Rawinsonde
soundings indicate that the air originates within 500 m of the surface. Near-
surface air which encounters the wind shift line east of the circulation (see
first paper) may be lifted and drawn into the eddy along the intrusion, forced
downward again by the prec1p1tat10n—1nduced downdraft, forming a surface band
of relatively high 6, air beneath the radar echo intrusion. Mid-level air
(more commonly downdraft air) reaches the surface only along the crescent echo
at the eddy signature's left flank (see Appendix A).

4. VORTEX ORIGIN

In recent years, studies by Burgess and Brown (1973), Fankhauser (1968),
Fujita and Grandoso (1968), and Newton and Newton (1959) have shown that a
thunderstorm acts somewhat as a barrier to the ambient mid-level wind flow.

A wake to the lee of the barrier occurs naturally. Within laboratory-generated
wakes, vortices of .various types (standing, Kidrmidn, starting, etc.) depend on
critical flow and obstacle characteristics. Plausible explanations for the
shedding of eddies from a blocking updraft are Kirmin and- "startlng vortices.
We favor the latter for reasons given below.

4.1 K4rman Vortices

Existence of atmospheric. Kidrmidn vortices in the lee of islands has been
shown by Chopra and Hubert (1965) and Zimmerman (1969). These vortices are
shed from solid obstacles such as mountains. On the convective scale, Shmeter
(1970) noted vortices during aircraft investigation of flow around cumulonimbi.
He indicated that anticyclonic veer is usual at upper levels around the_cloud,
while windward to leeward wind velocity differs by .as much as 30 m sec™l, we
have also referred to McMahon's (1971) study showing vortices shed from a
turbulent jet in the laboratory.

If eddy vortices similar to the Kidrmin type are caused by a convective
block, they should form within the echo core at the updraft lee "edges" and
move downstream with the ambient flow (Fig. 4). Why then have only anti-
cyclonic type eddies on the updraft left side been definitely identified to
date? It may be that the right-hand Kirmédn vortices are suppressed by the
heavier precipitation and associated rapid subsidence that characterizes the
region at mid levels downstream of the updraft on the right side of the right-
moving storms (Browning, 1964).

Eddies, detached from an obstacle, classically move downstream with the
free stream flow (227°/24 m sec™l). The observed eddy moved downstream from
230° at 20 m sec~l. Rouse (1946) states that Kirmidn vortices move downstream
at a velocity invariably less than the ambient fluid velocity, a fact possibly
accounting for the 4 m sec™1 discrepancy. '

Another question concerns lack of circulation at the surface or through
the 500 m WKY tower depth. Barnett (1972) showed that vortices shed from
islands occur between two inversions. The island penetrates both inversions,
resulting in a flow around rather than over the blocking obstacle, creating
lee vorticity concentrations and vortex streets. The upper boundary inversion
prevents mixing between the vortex street and the layer above, and the lower
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inversion insulates the circulation
from frictional dissipation effects
of the earth's surface. Rawinsonde
soundings (the last taken 18 km ahead
of the storm's forward flank) on
25 June indicate a persistent low-level
inversion between 1.5 and 2.4 km (MSL),
and a nearly isothermal layer between
8.0 and 9.0 km. These inversions may
explain the absence of surface circu-
lation and the relatively long
persistence of the eddy circulation
aloft. The short-lived downdraft of
limited size apparently lowered the

' low-level inversion temporarily. Low-
CLOUD level vorticity dispersion through mass
BOUNDARY divergence probably prevented a signifi
' cant circulation from affecting the
surface at that time. The presence of
inversions in the immediate vicinity
of the eddy cannot be verified.

‘\E‘- Although some aspects of the
Kdrmdn theory appear reasonable, we
Figure 4. Karmdn vortex (a) forming must ask why eddy-shedding storms are
downstream of updraft (b), in mid- infrequent. “We also question why
level ambient flow with accompanying cyclonic shed vortices are not
downdraft, (c¢). Smaller arrow observed. A more physically consistent
indicates updraft (and storm) " explanation of vortex origin may rest
movement. ' in the "starting vortex" theory.

4.2 Starting Vortex Hypothesis

Fujita (1965), Fujita and Grandoso (1968), Goldman (1966), and several
others have suggested that the Magnus effect is at least partly responsible
for convective storm motion to the right (or left) of the mean wind. The
rotating cylinder hypothesis of these investigators could also account for
the lee vortices on 25 June 1969 and at other times.

Prandtl and Tietjens (1934) demonstrated through filmed experiments that,
during a cylinder's transition from a non-rotational to a rotational state, a
vortex of comparable strength and opposite circulation to the cylinder forms
and expands as it moves downstream with the free stream flow (Fig. 5). (The
25 June wake eddy diameter doubled from 5.6 to 12.4 km in 33 min.) The shed
vortex seems to occur exclusively with severe storms. The concept of a
starting vortex is directly supported by observations of vigorous updraft
rotation in this storm and in those discussed in Appendix C. The strongest
eddies should occur with severe storms since the strength of the wake vortex
formed is comparable to updraft circulation strength. Wake vortex circulation
on 25 June 1969 is approximately 3 x 103 m2 sec-l and is of the same order of
magnitude as the tornado cyclone (5 x 105 m2 sec—l, Fujita, 1965). Wake
circulation value is based on a tangential velocity of 10 m sec™l determined
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from the motion of small reflectivity
perturbations along the crescent echo
in the WSR-57 digital data. Further,
the 25 June storm also underwent a
gradual rightward turn during and
féllowing eddy shedding. The rightward
‘storm motion attributed by some inves-
tigators to the Magnus force, occurs in

theory only after the shedding of a Figure 5. Formation of a "starting
starting vortex (Prandtl and Tietjens, vortex" to the lee of an updraft.
1934). In all cases, apparent cyclonic Upd;aft (b) begins and accelerates
circulation was associated with the rotation. Starting vortex (a) moves
eddy shedding storms explaining the downstream with ambient flow. The
formation of only anticyclonic wake "~ downdraft (c) exists in the up-
vortices. draft's wake. Small arrow shows
' increased rightward updraft move-
Two storms apparently produced ment. '

additional, although poorly defined,

vortices. This does not alter the starting vortex hypothesis. The updraft's
rotational character, being dependent on inflow vorticity, would likely vary.
Thus, additional starting vortices could be produced as the updraft's
rotational character changed through transient vorticity addition.

The previous discussion briefly mentions other eddy-producing thunder-
storms (Appendix C). Five cases were observed at NSSL in 1969 and 1973.
Closer examination of these storms supports the starting vortex hypothesis.
Each storm underwent a right turn, formed a hook echo, or rapidly increased
radar intensity contemporaneously with eddy formation. Intensity increase
was indicated by rapid development or increase of a storm's reflectivity
core. Ward (1967, 1968) concluded that updraft rotation augments buoyancy and
enhances convection by decreasing mixing between buoyant and ambient air dloft.
Thus, rapid increase in storm jntensity may indicate transition from essen-
tially non-rotating to a rotating updraft.

Since the Karman and "starting' vortex hypotheses depend on updraft
blocking, it is not surprising to observe formation of all eddies at mid.
levels (6 to 8 km), where there is a minimum radial and a maximum vertical
and tangential flow at the buoyant column periphery. Eddy formation would
begin in an air sheath, resembling a boundary layer, which should form around
the updraft, while below the level of nondivergence, convergence (or
entrainment) into the updraft would remove the "boundary layer" air preventing
vortex formation (Ewald et al., 1930). Scorer (1958) discusses prevention
of free stream separation (and therefore eddy formation) by injection of
fast moving fluid into the lee side boundary layer from within the obstruc-
tion. Such a process may be represented by strong outflow from severe
storms at upper levels, with corresponding eddy prevention. Recent single
Doppler data revealing strongest flow-around-an-obstacle signatures in mid
levels is consistent with the above (Brown and Crawford, 1972; Burgess and
Brown, .1973). Our observations of vortex descent may be attributed to
precipitation drag and some evaporative cooling. During descent the circula-
tion weakens, probably owing to diffusion of vorticity and lack of low level
support and a temperature inversion characteristically prevents the vortex
from reaching the surface.
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Rawinsonde observations available for "eddy shedding" storms may indicate
why most of those observed in Oklahoma occur during June. These soundings -
show the typical supercell environment (Marwitz, 1972): very moist, low-level
unstable air with dry mid-and upper levels. However, relatively "light"
winds at all levels (as often occur in June) are significantly different
from typical spring soundings and appear to,be favorable to vortex formation.
Maximum yindsAin most cages are < 32 m sec - and in all cases are between
26 m sec = and 31 m sec = at mid-levels. Prandtl and Tietjens (1934) show
that starting vortices are shed within critical limits of the ratio of
cylinder tangential and ambient free stream velocity. Similar atmospheric
limits, although likely not the same as those found in the laboratory, are
implied by the above rawinsonde observations for a convective blocking
circulation and relative free stream flow.

That vortex shedding, as observed in a few cases, is not observed more
frequently may be due to precipitation fallout before circulation becomes
evident, or to eddy formation under a restricted range of ambient conditions
relative to wind speeds, eddy viscosity, and Reynolds' numbers.

The previous discussion may suggest a relationship of splitting storms
and wake vortices. However, surface and radar data indicate that an eddy can
be considered passive, and any directly associated convection is relatively
weak and short-lived. Two storms studied split into left- and right-moving
counterparts approximately 30 min before wake vortex formation in the right-
moving storm. Therefore, although at times both storm splitting and wake
vortices occur during the severe storm's life, the generating mechanisms for
these two phenomena are apparently different.

5. CONCLUSIONS

Abundant evidence indicates that anticyclonic wake vortices sometimes
develop during severe weather events associated with convective storms.
Surface and radar structure of the 25 June 1969 storm show that the eddy’
develops at mid levels and is transferred downward, but does not reach the
surface. Inversions at upper and lower levels probably shield the vortex
from destructive outflow effects above and from the earth's surface below.

Two aerodynamic explanations for vortex formation depend on the thunder-
storm's updraft (and circulation) blocking character. The first explanation
supposes that effective eddy viscosities and Reynold's numbers are in the
proper range for Kirmin vortex street formation. Then the lack of cyclonic
wake eddies may be attributable in some way to the heavy precipitation that
occurs to the right of the updraft as seen in the direction downstream along
the mid-level flow.

We propose a "starting" vortex mechanism as a more promising explanation
for wake eddy formation. This assumes that updraft rotation is variable and
cyclonic in eddy-producing, right-moving severe thunderstorms. The environ—
mental flow reacts to the updraft somewhat as a solid cylinder that begins or
increases its rotation. This theory is supported by observations that storms
increased intensity rapidly, turned right, and/or produced severe weather and
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hook echoes contemporaneously with eddy formation. The theory also finds
support (assumlng rotating updrafts are most intense) in the occurrence of
eddies with only those storms producing quite severe weather.

A 11mited data set indicates that these vortices are shed within a
restricted range of environmental wind speeds. This implies wake vortex
production in a narrow range of eddy viscosities and Reynolds' numbers.

Wake vortex formation is significant in three respects if the above
findings can be documented in. a larger number of storms. Whether the vortices
are Kiarmidn or starting vortices, the updraft blocking character would be
confirmed in severe convective storms. If the "starting vortex'" hypothesis is
further supported, the Magnus force would be verified as a deflecting force in
severe storm motion. Finally, recognition of anticyclonic vortex shedding
~on a PPI radar scope could be used as a severe weather indicator.
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APPENDIX A
‘OBJECTIVE SURFACE AND RADAR ANALYSES

Objective analyses of divergence, pressure, and wet-bulb potential
temperature (in order as listed) are found immediately following the contoured
radar echo (from Fig. 3, page 4). The objective analyses are on a fixed
reference frame--the surface network analysis grid. The northwest and south-
east sections of the analyses are not shown since no surface stations (or
extrapolated data) .exist there. The radar echo is tied to a smaller :(but same
scale) moving reference frame. The three representative surface stations
(dots) included in other text figures are included in the analyses.

30



N N
- ING t isipcsT |
LA ter6cst b Joner b

v MCIUM  DaTE THSM0  TIAE 1S3 CST  AIe WA, PWe 1D, STCAN VKCTOR  IWL/IS.0

DY ETMA BT 2SR AL W20 CST  Ree 4. fae IS, 3T0MA ICTOR

Pomme e T IS LI ee M. fwe ®C. Stam o,

> ate wse e

. Stoemuiclos  Ma.28.0 x0T

- O VU o — v eane srws RS e W e vn, STOMn VCION 287130 anats
. a1 an a2 am e oam
(R REvErntEeeEeneteaveitt
reeeieisnterieete
EIL)

wr 20

Y

0 16

31



) o oknw o o o rme iee
ACTML  GATE e1M% MALIMSCH RTe ea. Fme 100, 3T0AN VICION MA/TS.G T %S TINE M EST  ALe M. e ICe  STORM VICTM  M./25.0

-1 e -t e

-z oenoen

RO

YT Tyt v -3 e -

R

EURTIR AT

-3 s ote -

oum vICIon  190./23.0 nit3

T R R T L

R victon  avesrse oars

P ey Tie ek

Twe WE. LA 0. ATONS VICION  208.r3%.0 sOls

: oate emae  Tint ledo h
Mo Pms wo. Sl 0. IO VICION 180730 maOtS 3

WM nats ezws  ToeE s en
11 9 28

iz an an
hELeinT e

s 1 2

[T IR

IR R T

moam
ne n

2 2w

™
38t

EEETY

Ty

EENE

32



A0 CS M se. Pme B, SIoAR VACIDR  3es2S.0

et e s e , -
ettt Sttt Mot ?
R
¢

i mne azser

M M. Fwe 60, ITMe 0. SIOME VICTOR  240.725.0 waOtS § W st wsecH e

ST DATE S1MO  NimE 4G CEI <t M, e SC. ST 5, ST0MF WCION  Z88./19.0 <aOTS

OME AIMD  Mek WX I M. e WO MM 6 droe wCTE  emra

: T . P EE———
: GEEEE o o 55w 0 e -
! - o w
wom P

" oaw PR

i e oae o o oam 20 21
i 03 27 3 e 3 ECRE TS )
‘ W a0 M ow o oz
: o e e w o m
e

RS ETTRT

oeccoc

0005000800031,
(T30 a0 50 237 2 e (R e e nr
tcceroct ouoopooacoooes

1 0 e e e Ha e ar
LR R I o EEr
e

IR

33



W, srounwvicros 8.0
S

B A I

oty acrum

ane s o ome

o
P T 2 2

BRI

e grnty
ErD 3 e S
¢100¢£0000000500002000 000 deretatay

BoCECo0ocEC005080L oot

RN 0
ooetoncoce

eoooct:
D Tt
oot
AT

5 g
aeiidi CTHHY
CCETERCETEELIIR IR £

11T T 1se 130 1)

tifrtienrene
Cedeceereierses)

Stonn viCTon  248,721,0 xaT5

bt anes e aasen se e

P R N )
ececoeceecteeecceceeiocet
LD CEELR L ChaCe L EACiECcee?
++8ECCCEECETLCCCETcEecd  LEtEEeeeEeEeaoeChecteceeeceecte
cecciccccc
3y

aze tia geas cse

et oL Sroas iR 200250 keoTs

[IURP RN R N M A

m
m
2 B 1 g
w oo oan
" an e e
® eow o

e o

34

N
1649 CST
10km|

Biv strem  eaTC arses e,

B LI I I LI S

F boscorcesons

20¢¢0000

- Erac]

oy T

[P ai |

Docoods cooe

croooe

- ECN ey

P’ a ocouccooo0

> cooecs CEo0a 4000
Py FECE N

ocex 0c£¢506a00000C0000000000EC000E 2000

3 C EE000000FDOLE000000000C800€ 2008

3 AT e TN kY 3 3 TR Nr 1 e
Youity 0000€€ 4 PO IULDDEI0O0PE008CDDGT

< Pocoto000ECLTEE000E00CI0000000000000CL 4003

noa Sk e A C O NINE IO 0]

00 b0 00¢£0CE0000800EO00CH0N 0000

™ wow s I I I N T ]

op <t S e B0MSCC0¢ 0000000000600 000

™ ¢ 0 =3
Tureree
fririraiiit
13 e AT
ansteageran
ot
Ly

R
« i 4
fErdtneesnines)

PonNE ars TIM N ST Ae M. e HE.  Sas o

o
icceecr

4
[ecscccsccceeccececcauce

eciccecs
) ey
e ccecteoct
(el ecacicace

P
gccecsecececideoce

WL nete ems PINE WSS CH aKe st fme o,

C£00E00E CDC2GB0D0SGBCUOCE SU0D
63

o
e aa
[

frevetoncl it < coacocEi
T 5 3 7 P

PR

w e

e am

B am

o




v G0 DATE s34 TING 133 CEE Me 44, Mo 100, STORR VECYM  3M./TS.B v ATUSL  CATE AISY  GIR 1000 CI1 Afe ae. PAG KDL STORM VECIOR  IR/23.0

- -1 o o i

Ty
b1
cecceece
A5~
rezec

)
‘So1cpo00c<o00n0aK

o e

» 7
. " extcosoeot aomt

R
T

8 ou

» o

.«

Sromm viCros  2ue.s2s.0 emals © M G T SN M M. e We. Sl o,

T T L

1
|
i
i
i

wrors

R L LR e

@ ae aser nec wssen

20 ;v 2

+s0cEoo0coasceoaD00EEs:
NN
500¢0000000C¢ 0500 (2

FLosFeresy
RS o 1 1
_tcCERieeeeT

ececccec
337 e B a9 3
ececeeceecceceecctoce
LCCtEeE ekt
3 i

s
nrietety
ERE T TN e
Gottissarismitsarsnenssmonaatl
Soeansan
E ORI
reseaticesebissaRiL
sanaiseseny

i 2
o sasa)




APPENDIX B -

SURFACE DATA GRAPHS

Digital data extracted from analog traces (and corrected for station
biases as explained in the first paper of this technical memorandum) were
recorded on magnetic tape and presented here in graphical form. The time
scale is in reversed chronological order so that it represents a space
section with northeast on the graph right and southwest on the left. Station
identifiers appear in the upper left oval (station locations are shown in
Fig. 2 of the first paper). All plotted values are at 5-min intervals.
Winds are 5-min averages while other parameters are instantaneous value.
Wind vectors extend in the direction from which the winds are blowing and
the scale at left indicates vector magnitude. For example, winds at station
1A are variable southerly with changing speeds while both north and south
winds occur at station 4D. Maximum wind gusts during the 5 min preceding
graph time are shown by a bar graph. Pressure (MB), temperature (F),
relative humidity (%), accumulated rainfall (inches) and rainfall rate
(inches/hour) are self explanatory. Missing data are so described except
where only a brief break in a record occurs, as at station 5D, 1815-1830.
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~ _APPENDIX C

OTHER WAKE VORTEX‘OCCURRENCES

NSSL has observed several storms to shed wake vortices. Of five
well-documented cases, three are presented here. Data are incomplete in
one case, and the fifth case is treated in the main body of the second paper.

In Fig. Cl-A, the easternmost storm is the principal one studied in
this technical memorandum. . Immediately west of the first, a second storm
produces a wake eddy as the interior bright core (Zg > 50 dBZ) enlarges
rapidly. Public reports at 1710 indicated "baseball" size hail and a funnel
‘¢loud with the storm. The storm altered its course 18° to the right after
1705. »

Case B of Fig. Cl was attended by 4.5 em hail during eddy shedding,
- increasing its rightward motion 17° by 1815. Kessler (1970) has discussed
this and other 22 June 1969 storms. : '

Case C shows a recently documented wake vortex occurrence (18 June 1973)
Three eddies were shed from this extremely intense storm. The first two
(1613 and 1636) were short-lived and much less well-developed than the third
(1704 - 1731). At 1613, near the southwest edge of the storm's core, hail up
to 11 cm in diameter was falling. At 1643, 7 min following the second eddy
signature, the first tornado occurred. During the most well developed wake
vortex shedding (1704 - 1731), two tornadoes and 4 to 5 cm hail were observed.
From 1613 - 1731, average storm movement was from 350° at 5.5 m sec‘l, or
nearly 100° to the right of the mean winds.
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0° 1719 CST

Figure Cl. WSR-57 integrated log contour displays of eddy-shedding storms.
(1) Low reflectivity intrusion, and (2) high reflectivity crescent.
Range marks are 10 n mi (mm) in A except at 1717, where they are 20
n mi. Range marks are 20 n mi in B and 40 km in C.

43



NATIONAL SEVERE STORMS LABORATORY

The NSSL Technical Memoranda, beginning with No. 28, continue the sequence established by the U. S.

Weather Bureav National Severe Storms Project, Kansas City, Mnsscuri. Numbers 1-22 were designated NSSP
Reports. Numbers 23-27 were NSSL Reports, and 24-27 appeared ‘as subseries of Weather Bureau Technical Notes.
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