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Abstract

During the spring of 1991, scientists from the National Severe
Storms Laboratory conducted a field observational program to
obtain a better understanding of the processes responsible for
organizing and maintaining the dynamical and electrical structure of
mesoscale convective systems (MCSs), as well as mechanisms
acting to organize and propagate the dryline. Extensive use was
made of a relatively new observing tool, the airbome Doppler radar
installed on one of the NOAA P-3 research aircraft, to map the
precipitation and kinematic structure of large mesoscale convective
systems. The radar was operated in an innovative scanning mode
inorderto collect pseudo-dual-Doppler wind data from a straight-line
flight path. This scanning method, termed the fore/aft scanning
technique (FAST), effectively maps out the three-dimensional wind
field over mesoscale domains (e.g., 80 km x 100 km) in ~15 min with
horizontal data spacing of 1—2 km. Several MCSs were observed
over central Oklahoma during May and June of 1991, and one such
system exhibiting a "bow-echo” structure is described. Many ob-
served features of this MCS correspond to structures seen in
nonhydrostatic numerical simulations. These features include a
pronounced bulge or “bow” in the convective line (convex toward the
storm’s direction of propagation), a strong descendingrear inflow jet
whose axis is aligned with the apex of the bow, and a cyclonic vortex
(most pronounced at heights of 2-3 km) situated in the trailing
stratiform region lateral to the axis of strongest rear inflow. Doppler-
derived wind analyses reveal the likely role played by the mesoscale
circulation in twisting environmental vertical shear and converging
ambient vertical vorticity in maintaining and amplifying the vortex.
The relatively detailed yet horizontally extensive airflow analyses
also revealthe utility and advantages of airborne Dopplerradarinthe
study of large convective systems.

1. Introduction

“Bow-echo”-type mesoscale convective systems
(MCSs) have long been identified by their distinctive
radar echo pattern as a 50-100-km-long bow-shaped
segment of rapidly advancing convective storms (Fujita
1978), with the apex of the bow pointed toward the
direction of advance. The most severe of these sys-
tems, which have been termed “derechos” (a Spanish
term meaning “straight ahead”), produce long swaths
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of damaging, straight-line surface winds (Johns and
Hirt 1987, Przybylinski and Gery 1983). Recent nu-
merical simulations by Weisman (1992) indicate that
bow-echo MCSs possess a unique dynamic structure,
embodying a strong “rear-inflow” jet extending to the
leading edge of the bow and descending to near the
surface. Model sensitivity tests indicate that the devel-
opment of this structure requires large amounts of
convective available potential energy and strong am-
bient environmental vertical wind shear sufficient to
establish deep forced ascent of low-level air at the
leading edge. Johns et al. (1990) demonstrated that
such conditions are frequently observed in advance of
the severe bow echoes. The numerical results of
Weisman also indicate that the rear-inflow jetis essen-
tial for the maintenance of the convectively generated
cold pool along the leading edge and hence the forced
lifting of low-level air ahead of the system. Such
circulation features have recently been seen in Dop-
pler radar observations of bow echoes (Schmidt and
Cotton 1989; Burgess and Smull 1990).

An interesting aspect of Weisman'’s simulations is
the existence in the mature phase of the system of
“bookend” vortices on the flanks of the convective line,
with the cyclonic gyre located at the north end of the
line, with an anticyclonic gyre on the southern end.
The existence of midlevel convectively generated
vortices has been known for some time (e.g., Houze et
al. 1989) and is usually most evident in the decaying
phase of MCSs (Bartels and Maddox 1991). To date,
however, limited observations have been available to
document vortex structure in mature bow-echo con-
vective systems.

During the spring of 1991, the National Severe
Storms Laboratory (NSSL) of the National Oceanic
and Atmospheric Administration (NOAA) conducted a
field project called COPS-91 (Cooperative Okilahoma
Profiler Studies) to gather data using a variety of
sensors (e.g., instrumented aircraft, surface mesonet
stations, ground-based Doppler radars, wind profilers,
and mobile sounding systems capable of profiling both
standard meteorological and electrical conditions) in

Vol. 74, No. 11, November 1993



mesoscale convective systems over central Okla-
homa and along the dryline in the Texas Panhandle.
Extensive use was made of the NOAA P-3 aircraft in
COPS-91, particularly its vertically scanning, X-band
airborne Doppler radar. The principal advantages of
an airborne Doppler radar overinstallation of aground-
based dual-Doppler network are twofold: 1) potential
uncertainties due to scanning geometry can be mini-
mized because the chief scientist can usually specify
flight tracks that maximize data coverage, and 2) the
aircraftis generally more cost effective as many more
meteorological cases can usually be sampled (i.e., the
ability to go to the weather rather than waiting for the
weather to come through the ground-based dual-
Doppler network). In some situations, such as overthe
remote oceans, airborne Doppler radar is the only
practical means of documenting MCS structure, as
evidenced by the success of the recently completed
Tropical Ocean—Global Atmosphere Coupled Ocean
Atmosphere Response Experiment (TOGA/COARE).
In TOGA/COARE three Doppler equipped turboprop
aircraft—two NOAA P-3s and the Lockheed Electra
operated by the National Center for Atmospheric
Research (NCAR)—combined for 77 flight sorties ina
4-month period. The primary limitation of the airborne
radar lies with its rather limited endurance compared
to the typical life cycle of an MCS. The nominal 10-h
flight duration of the P-3s often limits data coverage to
a few snapshot looks at mature system structure.

On two occasions during COPS-91, the NOAA P-3
aircraft equipped with a vertically scanning, X-band
Doppler radar intercepted bow-shaped convective
systems. Analysis of those data reveals the existence
of mesoscale vortices in the trailing stratiform region of
mature convective systems, bearing a strong resem-
blance to the simulations of Weisman (1992). Com-
panion papers by Marshall and Rust (1993) and Hane
etal. (1993) describe the electrical structure of several
of these convective systems and dryline morphology,
respectively. The characteristics of the airborne Dop-
pler radar including its scanning methodology are
described in section 2. In section 3 we show analyses
of structure and airflow in the 8 May 1991 MCS. A
possible mechanism for the generation and mainte-
nance of the trailing region mesovortexis discussedin
section 4.

2. Description of the airborne
Doppler radar

The Doppler radar installed on the NOAA P-3 is
described in detailin Jorgensen and DuGranrut (1991).
The radar is a vertically scanning, X-band (3.2-cm
wavelength) Doppler radar mounted near the tail of
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Fic. 1. Schematic illustration of the P-3's tail-mounted Doppler
radar scanning geometry. Alternate sweeps of the vertically scan-
ning antenna point + 25° forward and aft of a plane normal to the
aircraft’s longitudinal axis.

the P-3. The basic scanning methodology is schemati-
cally illustrated in Fig. 1. This scanning procedure—
first proposed by Frush et al. (1986) and later elabo-
rated by Hildebrand (1989) for use by the airborne
Doppler radar proposed for the Electra aircraft
[ELDORA (Electra Doppler Radar)] operated by the
National Center for Atmospheric Research—consists
of collecting two scans of data: one pointing ~25°
forward from a plane normal to the flight track, and one
scan pointing aft ~25°. This technique is termed the
fore/aft scanning technique (FAST). As the aircraft
moves in a quasi-straight flight path, FAST scans
sweep out a three-dimensional region of space sur-
rounding the aircraft’s track. If the antenna is rotated
at its maximum rate of 10 rpm (60° s7'), at typical P-3
ground speeds (~120 m s~') adjacent beams intersect
with horizontal spacing of ~1.5 km. Animprovementin
the horizontal data spacing to ~750 m can be obtained
if the antenna is scanned in a sector confined to one
side of the track. The increase in data density comes
at the expense of the areal coverage on both sides of
the track. Where two beams intersect an estimate of
the horizontal wind velocity can be obtained using the
methods described in Jorgensen and DuGranrut
(1991). Vertical velocity is then obtained by downward
(or upward) integration of the equation of continuity
subject to boundary conditions of zero vertical air
motion near the surface and echo top, using an
O'Brien (1970) correction to the divergence profile.
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Although the radar signal is digitized out to a maximum
range of 76 km, the 1.9° vertical beamwidth of the
radar limits the practical maximum range to about 50
km because of beam spreading.

Prior to the synthesis of the horizontal winds, the
radial velocity induced by the aircraft's motion mustbe
subtracted from the Doppler radar data. Assuming a
fore/aft-looking angle of +25° and ground speed of 120
m s™', nearly 50 m s~ of aircraft motion is induced into
the radial velocity observations. This contribution is
the same for all range gates along a given beam and
is subtracted out to produce a velocity estimate that is
accurate to ~1.5 m s (Jorgensen et al. 1983). Other
radial velocity artifacts induced by improper antenna
pointing (revealed by residual motion in the ground
return) are removed as well. The radial velocity must
also be dealiased for velocity ambiguities due to
the relatively small Nyquist velocity interval of +12.9
m s

3. Observations and analyses of the
8 May 1991 bow-echo convective
system

The evolution of the radar pattern of this MCS is
shown in Fig. 2. During the late afternoon of 7-8 May
1991 (about 2300 UTC 7 May 1991), strong convec-
tive storms developed along the dryline in the central
Texas Panhandle coincident with the approach of a
500-mb short-wave trough (Fig. 3a). Though initially
isolated, convection rapidly evolved into an ~100-km-
long north~south line of storms and began propagat-
ing eastward. By about 0600 UTC 8 May, the convec-
tive line had traversed the western half of Oklahoma.
The convection dissipated in central Oklahoma after
0600 UTC, but a large region of stratiform precipitation
remained over central Oklahoma until about 1200
UTC. The morning 500-mb chart valid at 1200 UTC
(Fig. 3b) reveals a pronounced sharpening of the
trough over western Oklahoma. In spite of the ap-
proaching trough axis, the expected height fallof 20 m
at Norman (in central Oklahoma) was accompanied
by a 4°C rise in the 500-mb temperature. As we will
demonstrate, this peculiar signature was likely related
to the presence of an MCS-induced mesovortex over
southwest Oklahoma.

a. Structure of the leading convective line and its
rear inflow
Apparent from 0200 UTC to about 0500 UTC in Fig.
2 is a pronounced eastward “bulge” in the convective
line, most noticeable near the Texas—Oklahoma bor-
der (Red River). During this period, the convective line
moved eastward at about 13m s, with the apex of the
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bow tracking along the Red River. To the rear (i.e.,
west) of the convective line was a region of largely
stratiform rainfall identified by an extensive “bright
band” of enhanced radar reflectivity near the melting
level [~3.5 km above ground level (AGL)]. After 0500
UTC, the Texas portion of the convective line plunged
rapidly southeastward, while the Oklahoma segment
(which was the focus of more detailed observations)
both slowed and weakened. in Oklahoma, the band of
heaviest stratiform precipitation moved somewhat
slower than the convective line (~9 m s~ versus 13 m
s') and more toward the southeast. An echo-free
“notch” developed at the back edge of the stratiform
echo over southwest Oklahoma and was associated
with a wake low in the surface pressure field as seen
in both observations (Johnson et al. 1989) and simu-
lations (Zhang et al. 1989) of other MCSs. A cycloni-
cally curved, hooklike appendage that developed on
the north side of the notch (cf. 0500-0700 panels in
Fig. 2) strongly suggests the presence of amesovortex,
as shown by Johnson and Bartels (1992). Confirma-
tion of such a circulation, however, hinges on more
detailed data provided by the P-3 aircraft.

Between 0500 UTC and 0900 UTC, the P-3 flew a
combination of northwest—southeast tracks parallel to
the rear edge of the convective line and east-west
legs across the stratiform notch region. Data from the
P-3's vertically scanning Doppler radar were collected
during much of this period. The horizontal projection of
the pattern of intersecting fore- and aft-looking radar
beams for a portion of the flight into the 8 May
convective system is shown in Fig. 4. As the aircraft
traversed the region immediately behind (i.e., west of)
the principal convective line, a domain spanning the
full depth of the troposphere over a horizontal region
of 80 km x 100 km was swept out in about 18 min.

The horizontal wind field relative to the slower-
moving stratiform rain region at 2.5 km AGL derived
from the P-3's initial pass behind the convective line
(0509-0533 UTC) is presented in Fig. 5. The domain
of this analysis is shown relative to the broad reflectivity
pattern by the region of cross-hatched beams imme-
diately west of the convective line in Fig. 2. At its
southern end, the flight track neared the apex of the
bowing convective line. Winds at this level are prima-
rily from the west, although southerly flow is seen in
the northern part of the domain behind the weakening
portion of the line. Toward the south, winds shift to the
west-northwest and markedly strengthen. The core of
this rear inflow (exceeding 20 m s~ in ground-relative
terms) is located immediately behind the pronounced
bow in the convective line. Although speeds dropped
below 2.5 km, individual Doppler vertical sweeps (not
shown) indicate this rear inflow descended toward the
convective line and helped sustain the strong westerly
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Fia. 2. Composite low-level radar reflectivity patterns showing the evolution of the bow-echo convective system at hourly intervals
beginning at 0200 UTC 8 May 1991. Shading indicates precipitation echo intensity according in equivalent radar reflectivity units (dB2)
according to the following scale: green: 18-30 dBZ; blue: 30—41 dBZ; yellow: 41-46 dBZ; and red: >46 dBZ.
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Fia. 3. NMC 500-mb analyses for (a) 0000 UTC and (b) 1200
UTC 8 May 1991. Solid contours are geopotential height (dm), while
dashed lines are isotherms (°C). Observed values of temperature,
dewpoint depression, and geopotential height are restricted to the
region of special interest.

low-level flow immediately west of the surface gust
front. (No damage was reported, but surface winds of
up to 15 m s™' were measured by NSSL’s mobile
laboratory in west-central Oklahoma during gust front
passage.) A narrow zone of cyclonic curvature and
convergence coincides with a narrow reflectivity mini-
mum separating the region of moderate stratiform
precipitation from the convective line, but cyclonic
shear/curvature are evident on a broader scale behind
the north end of the convective line (upper-left portion
of Fig. 5).

b. Vortex structure in the trailing stratiform region
Mesoscale vortices within the trailing stratiform rain
region of some MCSs have been documentedin many
earlier studies (e.g., Smull and Houze 1985; Houze et
al. 1989; Brandes 1990; Bartels and Maddox 1991;
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Biggerstaff and Houze 1991; Johnson and Bartels
1992). These vortices, thought to be induced and
maintained by convergence of planetary and preexist-
ing vertical relative vorticity and mesoscale twisting of
environmental shear by differential vertical motion,
typically are seen at low- to midtropospheric levels in
the trailing stratiform regions of mature and dissipating
MCSs. Vortices have also been seen in simulated
convective systems (Zhang et al. 1989; Weisman
1992). Recently, Brandes and Ziegler (1993) have
shown the importance of downdraft-induced twisting
of horizontal vorticity inherent to the descending rear-
inflow circulation in generating these vortices.
Although a complete vorticity budget (i.e., one
illustrating the relative importance of various produc-
tion and advection terms for the MCS and its near
environment) is not possible due to the lack of a dense

o

Reﬂect1v1ty (dBZ)

Fic. 4. Composite low-level radar reflectivity patternat 0515 UTC
8 May 1991 centered on Oklahoma (superimposed heavy state
outline) constructed from National Weather Service radars at Okla-
homa City, Oklahoma (OKC); Tulsa, Oklahoma (TUL); and Wichita
Falls, Texas (SPS). The cross-hatched pattern to the west of the
principal convective line represents the horizontal projection of the
airborne Doppler radar’s scans during the period 0509 UTC to 0533
UTC. The P-3flight track is shown by the dashed line near the center
of the cross-hatched pattern.
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sounding network, airborne Dop-
pler data does reveal kinematic

Relative Winds

Radars: LG1 LG2
2.5 km 0515:00 UTC

dBZ

conditionswithinthe trailing strati-
form region of the 8 May convec-
tive system. In spite of the supe-
rior coverage afforded by an air-
borne radar platform, a compos-
ite of several tracks flown across
the stratiform region is required
to document the full breadth of
this circulation. Figure 6 shows
the 2.5-km AGL flow patternrela-
tive to the moving stratiform re-
gion over a 200-km x 160-km
composite analysis, which al-
lowed for movement of the strati-
form echo during the ~3-h period
spanned by these observations
(from 0600 UTC to 0840 UTC).
Note that this analysis encom-
passes the hook-like stratiform
echo appendage previously
noted at 0700 UTC in Fig. 2. The
flow pattern evinces profound
cyclonic vorticity (>2 x 10~ s7)
onascale of ~100 km. The circu-
lation was most pronounced at
2.5 km but was evident in the
Dopplerradardataupto 5 km. In
the eastern half of the domain,
the flow is southerly but abruptly
shifts to northerly within the
curved echo appendage to the
west. Lack of radar return in the
notch region limits the Doppler
wind analysis; a complementary
depiction of the mesovortex is
provided by extracted from two
east-west passes (shown as
dashed lines in Fig. 6) at the
~3.2-km flight level somewhat
later in the mission (Fig. 7). Cy-
clonic vorticity is clearly seen.
Easterly flow encountered on the
southernmost track (which ex-
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Fia. 5. Ground-relative wind field at 2.5 km AGL at 0509 UTC 8 May 1991 for the region just
west of the convective line constructed from the P-3’s Doppler radar data using the fore/aft
scanning method. Flight track is the solid line with small arrows at 1-min intervals along the flight
path. The scale for the wind vectors is shown in the upper right corner of the figure. Contours
are X-band radar reflectivity in dBZ. The domain is 120 km x 165 km. Although the Doppler wind
data were constructed on a 1.5-km x 1.5-km horizontal x 1-km vertical grid, wind vectors are
plotted every 3 km for clarity.

tended across the notch) provid-
ing evidence of a closed circula-
tion. Southerly flow carried relatively high 6, (equiva-
lent potential temperature) values, identifying air that
had recently emerged from the convective line over
Texas. To the west, lower 6, values were associated
with drier environmental air entering the rear of the
system. A relative minimum in 6, was seen near the
center of the circulation. Because equivalent potential
temperature typically decreases with height to a rela-
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tive minimum at midlevels, the presence of lower
values near the center implies locally intense de-
scending motion. Amesoscale downdraft to the rear of
the stratiform region is also consistent with the “notch”
pattern in the radar reflectivity composite of Fig. 4,
since descending motion would promote hydrometeor
evaporation and thus a reduction of reflectivity.
Further evidence of a mesoscale downdraft within
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Fic. 6. Asin Fig. 5 except at 2.5 km AGL over a 200 km x 160 km composite analysis domain
fully encompassing the trailing mesovortex. The P-3 flight track over the period of the
composite analysis (0600—0840) is shown by solid line with small arrows at 1-minintervals. The
dashed line shows the P-3 track for the analysis shown in Fig. 7.

the trailing region can be seen in a sounding taken earlier from Amarillo,
Texas (AMA), when the convective line was about 100 km to the east (Fig.
8). The sounding in Fig. 9 exhibits the classic “onion-shaped” profile, with
highly subsaturated conditions below about 520 mb indicative of subsid-

Flight-Level Winds (m/s), 6, (K)
650 mb (~3.2 km AGL)

97.5°
|

Fic. 7. The P-3 flight track at 650 mb (~3.2 km AGL) between 0843 and 0945 UTC. State
borders are shown as dash-dotted lines. Ground-relative winds are plotted, with a full barb equal
to5ms~". Numbers plotted atintervals along the flight track are equivalent potential temperature
(q,, K). Time marks are shown along the flight track at 10-minute intervals.
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ence. Below the base of the trail-
ing anvil, the wind profile shows
strong westerly winds (~25 m s~
"), whose speed exceeded that
ofthe MCS’s precipitation region
andthus constituted system-rela-
tive rear inflow. Westerly mo-
mentum did not extend to the
surface but rode above the near-
surfaceinversionat810mb. This
inversion is characteristic of cool,
moist outflow found in the wake
of convective-scale downdrafts
within intense squall lines.

4.Possible processes
contributing to the
generation of the
northern vortex

Vertical vorticity can be gen-
erated in an initially nonrotating
atmosphere by tilting the hori-
zontal vorticity inherent in the
vertical shear of the ambient flow
(Davies-Jones 1984; Rotunno
and Klemp 1985). For example,
cyclonic/anticyclonic circulation
couplets are frequently seen in
strong thunderstorms due to de-
formation of horizontal vortex
lines on the flanks of updrafts
embedded in strongly sheared
flow. Once created, vertical vor-
ticity can be ampiified by stretch-
ing (convergence) of air into up-
drafts or downdrafts. Vorticity
generation in supercell storms is
recognized as fundamental to
the process of storm splitting.
Analogous processes of tilting
and stretching may act on larger
scales to produce counterrotat-
ingvortices at eitherend of strong
convective lines. In Weisman'’s
(1992) simulations of eastward-
propagating bow echoes, a pair
of bookend vortices developed,
with cyclonic and anticyclonic
circulations appearing near the
northern and southern ends of
the convective line, respectively.
These simulated vortices initially
developed in conjunction with
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convective-scale storm splitting but amplified and
expanded as the bow echo matured. Although a
complete evaluation of the mechanisms acting to
produce vertical vorticity in the trailing stratiform re-
gion cannot be accomplished with the present data
(such a calculation would involve evaluating forces
acting to produce spin along parcel trajectories ex-
tending into the nonprecipitating environment), a quali-
tative evaluation of the roles of tilting and stretching
can be shown from the airborne Doppler analyses and
environmental soundings.

To isolate the processes leading to vorticity ampli-
fication, we express the absolute vorticity tendency in
a coordinate system following a parcel:

d du ov
E(C”):—(C”)[a—x’fgj
h convergence
{22 wan) n
oXx 0z dy 9z )
twisting

whereu, v, andware the customary east-west, north—
south, and vertical velocity components, respectively;
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{is the relative vorticity ({=0v/ox—du/dy); and fis the
Coriolis parameter. In this form, the term labeled
“convergence” represents the amplification of vertical
vorticity by stretching of preexisting vertical vorticity by
convergence associated with up or downdrafts, while
the term labeled “twisting” represents the amplifica-
tion due to tilting of vortex tubes in a vertically sheared
environment. If the net tendency is toward increas-
ingly cyclonic flow, then the two terms on the right side
of (1) should sum to a positive value.

Horizontally averaged kinematic profiles to the rear
of the convective line (computed over the Doppler
analysis domain in Fig. 5) are shown in Fig. 10. The
average relative vorticity ({) is slightly anticyclonic in
the lowest 1 km, possibly a result of divergence at the
base of the mesoscale downdraft. Cyclonic vorticity is
maximized between 2 and 4 km, with values ap-
proaching 3 x 10~ s™'. Above 6 km the circulation is
again anticyclonic, consistent with divergence atop a
mesoscale updraft in the upper part of the stratiform
cloud. The crossover between cyclonic and anticy-
clonic values occurs at about the same height as that
between mesoscale ascentand descent (~6 km AGL).
Mesoscale descent approaches —20 cm s~ and fills
the lower half of the troposphere, with weak mesos-
cale ascent above. A deep layer of convergence
(owing to interaction of westerly rear inflow with more
easterly flow emerging from the convective line) is
found between 2 km and 8.5 km.

Coupled with the prevailing large-scale absolute

%

e s
AMA 8-MAY-1981 0000Z

Fic. 9. Skew-T-logp plot of the AMA sounding at 0000 UTC 8
May 1991 just to the west of the convective line. Wind barbs are
meters per second with one full barb equal to 5 m s-'.
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Fic. 10. Vertical profile of grid-mean relative vorticity and divergence (left panel) and vertical
velocity (right panel) for the 0509 airborne Doppler-derived wind analysis of Fig. 5.
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the axis of the rear inflow jet.
Even assuming that the vertical
velocity simply goes from —20
cm s~' to zero over a horizontal
distance of 100 km to the north

cms!

vorticity of at least 1-2 x 10~ s™' seen in the synoptic
charts (cf. Fig. 3), the convergence of air at midlevels
into the trailing stratiform region implies a vorticity
amplification rate of at least 8-10—10~* s~ day~'. This
is comparable to but slightly smaller than the conver-
gence generation rate calculated by Brandes and
Ziegler (1993) of 15-20 x 10~ s~ day~' based on high-
density soundings enveloping another Oklahoma MCS
with an embedded vortex (the 7-8 May 1985 PRE-
STORM case). In the absence of turbulent energy
dissipation or other forces, this effect would act to
nearly triple the cyclonic vorticity in the trailing strati-
form region over a 1-day period. This agrees with
previous observational evidence of midlevel amplifi-
cation of vertical vorticity by mesoscale convergence
(e.g., Verlinde and Cotton 1990; Johnson and Bartels
1992; Brandes and Ziegler 1993), aithough its relative
importance varies from case to case.

The second important generation mechanism ex-
pressed in Eq. (1) is twisting of horizontal vorticity by
differential vertical motion. The Norman, Oklahoma,
sounding taken at 0000 UTC 8 May (Fig. 11) provides
an estimate of the ambient shear ahead of the devel-
oping bow echo. Above the boundary layer, most of
the ambient shear is associated with increasing west-
erly winds up to about 5 km. The westerly shear du/oz
was about 4 x 102 s, so in the presence of north—
south vertical motion gradients (ow/dz > 0) twisting
would contribute to generation of cyclonic vorticity.
Figure 10 shows that the region near the apex of the
bow along the axis of the rear inflow jet was dominated
by descent below about 6.5 km. The echo-free notch
described in section 3 implies locally strong descent,
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of the jet axis yields a value for
ow/dy of ~2x10-¢s™'. The corre-
sponding vorticity generation rate due to twisting of
ambient shear would be ~7 x 10 s~' day™', which is
roughly equivalent to the rate of amplification by
convergence. Brandes and Ziegler (1993) found that
tilting of perturbation horizontal vorticity associated
with the MCS disturbance itself is another potentially

154+ -
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Fia. 11. East—-west (u) and north—south (v) winds as a function of

altitude from the 0000 UTC 8 May 1991 sounding at Norman,
Oklahoma (OUN), ahead of the convective line.
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important effect. Within the
sampled trailing portion north of
the rear-inflow jet axis of the 23
May bow-echo MCS, vertical
shear displayed was partly ex-
pressed as dv/dz > 0 owing to a
tendency for increasing south-
erly-component flow with height.
In the presence of Jdw/ox < 0,
which would be expected across
the west edge of the stratiform
rain area and collocated meso-
scale downdraft, this mechanism
could locally enhance genera-
tion of cyclonic vertical vorticity.
Estimates ofthese terms derived
fromthe airborne Doppler analy-
sis (dwz~ 3 x 103 s, ow/ox ~
-2 x 10°% s7") yield a contribution
of ~6 x 10™* s~ day', for a total
twisting generation rate of
~13 10 s' day™'. Brandes and
Ziegler (1993) found twisting rate
values of ~10-15x 10~ s~' day™’
in the trailing stratiform region
based on mesonetwork sound-

in Texas.

Fia. 12. Schematic illustration of key circulation features of the 8 May 1991 bow-echo
mesoscale convective system. The hypothesized pattern of mesoscale vertical motion (w) is
indicated. The axis of descending rearinflow is shown by the long arrow, with the counterrotating
vortices shown north and south of this axis. Region of precipitation from stratiform and
convective cells is depicted by the shaded region. The existence of the southern anticyclonic
vortex is speculative since no airborne Doppler radar data were obtained south of the Red River

ings. In view of cumulative ob-
servational and numerical evidence, it seems reason-
able to conclude that the mesovortex in the trailing
stratiform region of the 8 May MCS originated in
association with intense convective updrafts along the
convective line and was subsequently amplified/main-
tained by interaction of a locally intense mesoscale
downdraft (descending rear-inflow jet) and some com-
bination of the larger-scale ambient and locally per-
turbed vertical shear. Figure 12 schematically illus-
trates the arrangement of circulation features thought
to be present in the mature 8 May 1991 bow-echo
MCS.

While the available observations documented only
a single (cyclonic) gyre within the northern part of the
8 May MCS, recall that simulations by Weisman
(1992) showed a vortex pair of the sort sketched in
Fig. 12. In principle, in an equatorial atmosphere
devoid of large-scale vertical vorticity ({ = f=0), there
would be no reason to expect one member of the pair
to dominate its counterpart. In actuality, the presence
of considerable background environmental vorticity
(recall this system developed near the axis of a short-
wave trough) would make the spinup of the southern
anticyclonic vortex difficult, since the convergence
mechanism would oppose the twisting mechanism.
Moreover, at Oklahoma’s latitude (~35°N), conver-
gence acting on planetary vorticity further favors the
cyclonic member of the pair. Previous studies have
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almost exclusively documented the presence of cy-
clonic vortices (e.g., Bartels and Maddox 1991), in-
dicative of this dominance. The existence of a double
vortex structure cannot be confirmed in the present
case due to limitations of the P-3 flight track coverage.
One possible indication of a southern anticyclonic
member is the storm’s highly symmetric cloud-top
temperature pattern, seen in the 0530 UTC infrared
satellite image in the cover figure. As illustrated by
Rutledge et al. (1988), localized erosion of the trailing
anvil cloud (identified in this case by relatively warm
temperatures over southwest Oklahoma) identifies
the axis of the descending rear-inflow jet (cf. Fig. 12).
This feature is flanked by two protruding lobes of
colder cloud: one to the north positioned directly
above the well-observed cyclonic mesovortex, and
one to the south, which may correspond to a mirror-
image anticyclone over the southeast Texas Pan-
handle. Future field programs should emphasize flight
paths that encompass the full north-south extent of
such systems.

5. Summary and conclusions
A preliminary analysis of airborne Doppler radar

observations taken in a “bow-echo” MCS reveal struc-
tures previously seen or hypothesized on the basis of
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observations of these systems (e.g., Fujita 1978) as
well as recent numerical simulations (Weisman 1992).
These structures include an elevated rear-inflow jet
with maximum velocity immediately to the rear of the
apex of the bow and 2-3 km above the ground
extending to the leading edge convective line, a dis-
tinct cyclonic mesovortex that was most evident at
middle levels (2-3 km) trailing the northern end of the
bowed convective line, and a “wake” region of subsid-
ing air. It seems likely that both twisting of ambient
environmental shear and the mesoscale convergence
of air into the trailing stratiform region downdraft
contributed to development of this vortex.

The relatively detailed yet horizontally extensive
wind fields presented attest to the utility of airborne
Doppler radar in the study of mesoscale convective
systems. The aircraft can map the three-dimensional
winds and reflectivity fields (the likely X-band attenu-
ation notwithstanding) in a relatively short time inter-
val. Due to the limitations of antenna scanning rate
and the airspeed of the P-3, the horizontal data spac-
ing is limited to ~1.5 km (scanning toward both sides
of the aircraft’s track) or ~750 m (scanning toward only
one side). A technological leap will be afforded by the
ELDORA (Electra Doppler Radar) rapid-scan airborne
radar developed at NCAR. Improved antenna and
transmitter design (e.g., simultaneous transmission of
two separate radar beams, one forward and one aft
looking with each beam transmitting up to five fre-
quencies) will allow for a two- to threefold increase in
the antenna scan rate compared to the P-3, resulting
in athree-to sixfold increase in horizontal data density
without restricting coverage to one side of the track. A
new scanning technique has been devised that in-
volves coordinated flight tracks between two Doppler-
equipped P-3 aircraft to allow for four independent
radial velocity observations at every point a three-
dimensional volume (Jorgensen et al. 1992). These
data will allow for an overdetermined triple-Doppler
solution for the winds. Owing to more direct observa-
tion of vertical hydrometeor motions, this technique
should result in a two- to threefold decrease in the
expected uncertainty of vertical air motion. This ap-
proach was used extensively during TOGA COARE
using both P-3 aircraft and the ELDORA.
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