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ABSTRACT

Single-Doppler radar along with damage observations are examined to investigate the structural evolution of
vortices observed within the 29 June 1998 derecho event that propagated through southeastern lowa into central
and eastern Illinois. A total of 13 meso-y-scale vortices observed primarily at low levels (0-3 km AGL) along
the leading edge of the convective system were detected by the Weather Surveillance Radar-1988 Doppler (WSR-
88D) radars at Davenport, lowa, and Lincoln, Illinois. All but one of the vortices formed after the system evolved
into a bow echo. Ten of the vortices formed north of the apex while three formed south of the apex. Seven of
the vortices produced tornadoes that created FO—F1 surface damage. None of the vortices exhibited appreciable
upscale growth. Careful analysis of the radar data suggests that it may be possible to discern between the tornadic
and nontornadic vortices. The tornadic vortices tended to be stronger, longer-lived, and deeper than their non-
tornadic counterparts. The forecasting implications of these findings are discussed.

Single-Doppler radar observations documenting the evolution of midlevel (37 km AGL) ““bookend’ vortices
associated with two embedded bow echoes are also presented. The first pair of midlevel vortices formed ap-
proximately 20 min after the time that the larger-scale convective system began its transition into a bow echo,
had a lifetime of about 30 min, and was observed north of the primary bow apex. A second embedded bow
echo formed approximately 20 min after the first, again north of the primary bow apex. The cyclonic member
of this second embedded bow echo grew upscale and eventually became the dominant northern line-end vortex
of the convective system. There appears to be no significant relationship or interaction between the low-level
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Vortex Structure and Evolution within Bow Echoes. Part |: Single-Doppler and

and midlevel vortices observed with this case.

1. Introduction

Bow echoes are a well-known, unique form of con-
vective organization that often produce severe weather,
especially damaging straight-line winds and tornadoes.
Early studies of conventional radar data by Nolen (1959)
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and Hamilton (1970) showed that within squall lines,
damaging straight-line winds and tornadoes often occur
in locations where the radar echoes form a wavelike
pattern or bulge. This radar echo configuration was
termed the line echo wave pattern (LEWP) by Nolen
(1959). Fujita (1978) put forth the first detailed mor-
phological description of thistype of radar echo pattern,
which he called the ““bow echo.” His well-known con-
ceptual model shows how an initial tall echo transforms
into a bow-shaped line of convective cells as strong
downburst winds descend to the surface. At the time of
strongest surface winds, a spearhead echo (Fujita and
Byers 1977) may form. The system then evolvesinto a
comma-shaped echo asthe overall strength of the system
declines. Early damage surveys of bow echo events by
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Fujita (1978) clearly showed long, narrow swaths of
straight-line wind damage generally collocated with the
apex of the bow and largely FO—-F2 (Fujita 1981) in
intensity.

Fujita’'s damage surveys also confirmed the existence
of tornadic damage within bow echoes. The tornadoes
produced damage pathlengths generally less than 20 km
and FO-F1 damage. Subsequent observational studies
(e.g., Forbes and Wakimoto 1983; Wakimoto 1983;
Przybylinski 1988, 1995; DeWald et al. 1998; Howieson
and Tipton 1998; Funk et al. 1999; Arnott and Atkins
2002) have since corroborated Fujita’s findings, docu-
menting cyclonic tornadoes occurring within bow ech-
oes that produce relatively short damage tracks of FO—
F2 damage intensity at or north of the bow echo apex.
Observations by Forbes and Wakimoto (1983), Smith
and Partacz (1985), Przybylinski (1988), and Pence et
al. (1998), however, have shown that bow echo torna-
does are capable of producing up to F3 damage, while
Wakimoto (1983) documented an F4 anticyclonic tor-
nado located in the cyclonic shear region north of the
bow apex. The mechanisms responsible for tornado-
genesis within bow echoes are still not well understood.

With the installation of the Weather Surveillance Ra-
dar-1988 Doppler (WSR-88D) radars in the late 1980s
and 1990s, more freguent high-resolution radar obser-
vations of the parent circulations producing bow echo
tornadoes (hereafter referred to as mesovortices) have
been made. Many studies (e.g., Burgessand Smull 1990;
Przybylinski 1995; Przybylinski et al. 1996; Spoden et
al. 1998; DeWald et al. 1998; Funk et al. 1999; Arnott
and Atkins 2002; Wolf 2002) have shown that these
circulations are often 1) observed at low levels (gen-
eraly below 3 km) and are not associated with signif-
icant midlevel rotation, 2) formed at the leading edge
of the bow echo along a horizontal gradient in radar
reflectivity, 3) have lifetimes of an hour or less, and 4)
have horizontal dimensions that are meso-vy (2—20 km)
in scale (Orlanski 1975).

While these studies have shown that the mesovortices
tend to form at or north of the bow echo apex, they
have also been observed at the intersection point of the
primary convective system with a preexisting boundary
(Schmocker et al. 2000; Przybylinski et al. 2000;
DeWald and Funk 2000; Arnott and Atkins 2002; Wolf
2002). The preexisting boundary is often a stationary
or warm front or outflow boundary oriented nearly per-
pendicular to the primary convective system. Bow echo
tornadoes can also form in close proximity to the north-
ern cyclonic member of the *“book end’” vortices (Pfost
and Gerard 1997; Howieson and Tipton 1998). The
bookend (Weisman 1993) vortices are a fundamental
system-scale (tens of kilometers) feature of a bow echo
and form at midlevels (3—7 km AGL) behind the leading
edge of the convective system, often embedded within
precipitation. Their genesis has been attributed to the
vertical tilting of baroclinically generated horizontal
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vorticity by the system-scal e updraft along the gust front
(Weisman and Davis 1998).

Unfortunately, the aforementioned observational
studies have not been able to examine the genesis mech-
anisms of the mesovortices largely because of radar
sampling limitations and the lack of high-resolution
thermodynamic observations near bow echoes. Recent
idealized numerical simulations by Weisman and Trapp
(2003) suggest that mesovortices readily form within
bow echoes when the environmental wind shear mag-
nitude is greater than 15 m s=* or more over the lowest
2.5 km. Weaker, shorter-lived vortices, however, are
formed within bow echoes in weaker sheared environ-
ments. The genesis of these circulations is attributed to
the tilting of crosswise horizontal baroclinic vorticity
by downdrafts at low levels (Trapp and Weisman 2003).
Stretching of planetary vorticity further amplifies the
positive vertical vorticity over time.

The small scale, short lifetimes, and lack of well-
defined radar-detected precursors to mesovortex genesis
make detection and warning of tornadic activity within
bow echoes challenging. According to Tessendorf and
Trapp (2000), tornadoes formed within squall lines and
bow echoes represent a nonnegligible number of the
total tornadoes formed nationwide, estimated to be 20%.
This problem is further compounded by the fact that not
al of the mesovortices formed at the leading edge of
bow echoes are tornadic (e.g., Funk et al. 1999; Arnott
and Atkins 2002). The differences in structure and evo-
lution between tornadic and nontornadic mesovortices
within bow echoes have not been documented in the
literature.

In addition to their possible association with torna-
does, bookend vortices have been shown to enhance the
rear-inflow jet circulation by as much as 30%-50%
(Weisman 1993). Furthermore, Weisman and Trapp
(2003) suggest a close relationship between the bookend
vortices and the low-level mesovortices. When the low-
level environmental shear is large, upscale growth of
the low-level mesovorticesinto line-end vorticesissim-
ulated. While single-Doppler radar observations have
documented the structural evolution of the low-level
mesovortices formed on the leading edge of bow echoes,
the same cannot be said for the midlevel bookend vor-
tices. In fact, the authors are unaware of any observa-
tional study that documents the genesis and subsequent
evolution of the bookend vortices.

On 29 June 1998, a line of hybrid supercells origi-
nating over northeast Nebraska moved along a station-
ary front into central lowa and subsequently evolved
into a bow echo as the convective system moved south-
eastward into northwest Illinois (Wolf 2000; Arnott and
Atkins 2002). This quasi-linear convective system
(QLCS) met the derecho criteria put forth by Johns and
Hirt (1987). It has been shown that this area of the
Midwest is a climatologically favored area for derecho
development during the summer months (Johns and Hirt
1987; Bentley and Mote 1998). A total of 13 meso-
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vorticeswere observed in the Davenport, lowa(KDVN),
and Lincoln, Illinois (KILX), single-Doppler radar data
along the leading edge of the convective system. Seven
of the circulations produced FO—F1 tornadoes.

In this two-part paper, the genesis and structural evo-
lution of the observed mesovortices are investigated
through a combination of detailed radar and damage
analyses in Part | and numerical simulation of the 29
June 1998 event in Part Il. The specific objectives of
Part | are to document the structural evolution of the
observed mesovortices with emphasis on the differences
between the tornadic and nontornadic vortices. Second,
the structural evolution of midlevel bookend vortices
associated with two embedded bow echoes are docu-
mented with single-Doppler radar observations. In Part
[l of this paper, numerical simulations from the Weather
Research and Forecast (WRF) model (Skamarock et al.
2001) of the 29 June 1998 event will be presented. The
simulations will be diagnosed to examine the genesis
mechanisms and evolution of the mesovortices formed
within the simulated bow echo.

In section 2, the synoptic-scale environment for 29
June 1998 is discussed. A satellite analysisis presented
in section 3. Sections 4 and 5 illustrate the system-scale
features and damage analyses of the 29 June 1998 de-
recho, respectively. Finally, section 6 presents obser-
vations of the mesovortices and embedded bookend vor-
tices, and conclusions are discussed in section 7.

2. Synoptic-scale environment on 29 June 1998

The synoptic-scale environment observed on 29 June
1998 over the midwestern portion of the United States
was very consistent with the warm-season *‘ progres-
sive’” type Il derecho environment described by Johns
and Hirt (1987). This environment is characterized by
relatively weak synoptic-scale forcing producing north-
westerly flow at 500 mb, advection of relatively warm,
moist air at 850 mb in the vicinity of the derecho ini-
tiation area, and a stationary thermal-moisture boundary
at the surface that is oriented in the west—east direction.
The environment is also characterized by strong insta-
bility and moderate low-level unidirectional shear. The
derecho initiates along the thermal boundary and sub-
sequently moves along it with some component of mo-
tion directed into the warm sector.

A surface analysis at 1200 UTC on 29 June 1998 is
shown in Fig. 1. Prominent is a stationary front oriented
west—east across the northern portion of lowa. Super-
imposed reflectivity data show that the derecho initiates
near the thermal boundary and subsequently moves
southeastward into the warm sector, consistent with the
results of Johns and Hirt (1987). Warm, moist southerly
flow is evident south of the front. An 1800 UTC sound-
ing (Fig. 2) launched at Lincoln, Illinois, shows that
large convective instability along with strong low and
midlevel unidirectional shear were present over central
[llinois. Previous modeling and observational studies
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29 June 1998 Surface Analysis 12 UTC
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Fic. 1. Surface analysis on 29 Jun 1998 at 1200 UTC. Solid lines
are isobars contoured every 4 hPa. Radar reflectivity data from the
Davenport, |A, and Lincoln, IL, WSR-88Ds at 1801, 2001, 2201, and
2359 UTC on 29 Jun 1998 are superimposed on the surface data
Winds are shown in meters per second (half barb = 2.5 m s71; full
barb = 5.0 m s~'). Temperature and dewpoint are also shown in
degrees Celsius.

(e.g., Johns and Hirt 1987; Weisman 1993; Evans and
Doswell 2001) have shown that derecho-producing en-
vironments are characterized by large convective insta-
bility and moderate to strong low-level shear. The 0—
2.5-km shear vector was oriented to the southeast at
120°, consistent with the system motion of 31.2 m s*
at 115° (Fig. 1). Also noteworthy in the sounding data
is the presence of relatively dry air at midlevels.

At 850 hPa (Fig. 3a), strong southwesterly flow in
advance of atrough is observed over the southern plains
extending northward into southern Nebraska and lowa.
Prominent thermal advection by the southwesterly flow
is evident within the derecho-initiation area of centra
lowa and has transported air with temperature and
equivalent potential temperature values in excess of
20°C and 345 K, respectively, into southern lowa. At
500 hPa (Fig. 3b), moderate west-northwest flow and
broad diffluence is observed over lowa. Consistent with
the results of Johns (1993), the derecho initiated south
of the 500-mb jet axis that is located over southern
Minnesota in Fig. 3b.

3. Satellite analysis

A more detailed depiction of the mesoscale environ-
ment along with the initiation and subsequent evolution
of the derecho is shown in Fig. 4. At 1615 UTC (Fig.
44), remnant convection is observed over southern Min-
nesota and northern lowa that has produced a south-
eastward-moving outflow boundary located just north
of the stationary front. Only weak convection is ob-
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Fic. 2. Sounding and hodograph from Lincoln at 1800 UTC on 29 Jun 1998. The positive area
in the sounding is shaded gray. Winds are in meters per second (half barb = 5 m s=%; full barb

=10 ms?).

served along the stationary front at thistime over central
lowa. Supercell thunderstorms were also observed at
this time moving quickly eastward from the eastern
South Dakota—Nebraska border (not shown). Two hours
later at 1815 UTC (Fig. 4b), a linear squall line com-
prised of discrete supercells is observed over central
lowa (Martinelli et al. 2000) in the region where the
outflow boundary has merged with the stationary front.
Warm, moist southwesterly flow is observed south of
the stationary front and convective system. While not
as apparent at 1615 UTC, there appearsto be amoisture
boundary extending from the midpoint of the squall line
southeastward into south-central I1linois with dewpoints
in the low 20s north of the boundary and in the low to
mid-20s south of the boundary. Asthe system continues

29 June 1998

12 UTC

to move southeastward into the warm sector, the tran-
sition to a bow echo structure has occurred by 2015
UTC (Fig. 4c). The stratiform rain region continues to
grow in spatial scale behind the leading edge of the
convective system, suggesting that the system-scale up-
drafts havetilted upshear (Rotunno et al. 1988; Weisman
1993). The divergent flow associated with the system’s
cold pool, or mesohigh (Fujita 1955), is evident at this
time. Surface stations at or just behind the leading edge
of the bow echo show temperatures nearly 14°C cooler
than the ambient values ahead of the system. The mois-
ture boundary observed at 1815 UTC has continued to
move northeastward and intersects the bow echo near
the apex. An enhanced cumulus field is observed along
and to the southwest of the moisture boundary. The bow

500 hPa

Fic. 3. The 850- and 500-hPa upper-air maps on 29 Jun 1998 at 1200 UTC. Solid and long dashed lines represent geopotential heights
(gpm) and temperature (°C), respectively. Winds (half barb = 2.5 m s7%; full barb = 5.0 m s7%; flag = 25 m s7*) are aso shown.
Equivalent potential temperature (K) is shown in (&) as short-dashed lines, with values greater than 340 K shaded in gray.
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Fic. 4. Satellite analyses at 1615, 1815, 2015, and 2215 UTC on 29 Jun 1998. Superimposed on the visible imagery is surface data
showing temperature, dewpoint (both in °C), and winds (same convention used in Fig. 1). Also plotted is the radar reflectivity field (dBZ)
from the KDVN and KILX radars, with values equal to 35 and 50 dBZ contoured and shaded in black, respectively. Short-dashed lines are
state boundaries. The stationary front, outflow boundary, and leading edge of moisture surge are also indicated.
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echo continues to move southeastward into central I1-
linois by 2215 UTC (Fig. 4d) and has grown upscale,
with the reflectivity field possessing the ‘‘comma
shaped” echo structure described by Fujita (1978) or
asymmetric squall-line configuration discussed by
Houze et al. (1989). The reflectivity field in Fig. 4d
suggests a large-scale circulation, or mesoscale con-
vective vortex (MCV), at the northern end of the de-
recho. Previous observational studies (e.g., Maddox
1983; Bartels and Maddox 1991; Trier et a. 2000) have
documented similar midlevel vortices produced by me-
soscal e convective systems (MCSs). MCV s often persist
longer than the parent MCS and have been observed to
retrigger convective systems on subsequent days (John-
ston 1981; Bartels and Maddox 1991; Menard and Fritsh
1989). Detailed radar observations of this circulation
are presented in section 6. Also observed at 2215 UTC
are convective cellsinitiating over southern lowa along
the stationary front, west and north of the primary con-
vective system. These cells eventually evolved into su-
percell thunderstorms. Divergence with the system'’s
mesohigh is even more prominent at 2215 UTC, sug-
gesting that it has continued to strengthen and deepen
with time.

4. Radar depiction of system and subsystem-scale
features

During its mature stage, the 29 June 1998 derecho
possessed many system and subsystem-scale features
that have been previously documented in the literature.
Evident in the radar reflectivity field at 2149 UTC (Fig.
5a) is the large bowing segment of convective cellswith
a noticeable asymmetric stratiform rain region at the
northern end of the convective line (Houze et al. 1989).
The system has evolved into the comma stage of bow
echo evolution (Fujita 1978) with a prominent rotating
comma head at the northern end. A tight reflectivity
gradient is observed at the leading edge of the system
(Przybylinski and Gery 1983; Przybylinski and DeCaire
1985). A distinct rear-inflow notch (RIN) (Przybylinski
1995) is observed in the stratiform rain region behind
the leading edge of the system near the bow apex and
suggests the presence of a descending mesoscale rear-
inflow jet that is entering the convective system from
the rear (Smull and Houze 1985, 1987). Owing to the
fortuitous view angle from the Lincoln WSR-88D, a 40
m s~ descending rear-inflow jet was, in fact, observed
with the system (Figs. 5b,c) collocated with the rear-
inflow notch in Fig. 5a. While somewhat subjective, the
core of strongest winds associated with the rear-inflow
jet appears to be about 60 km in width (Fig. 5c). The
vertical cross section in Fig. 5b also showsthe ascending
front-to-rear flow above the rear-inflow jet (Houze et al.
1989). Also apparent is the multicellular nature of the
convective system at this time, where three cells at dif-
ferent stages in their evolution are observed in the re-
flectivity field in Fig. 5b. This data along with the ob-
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served ascending front-to-rear flow suggest that the sys-
tem-scale cold pool has overwhelmed the ambient shear
ahead of the system, tilting the system-scale updrafts
upshear (Rotunno et al. 1988; Weisman 1993). Fur-
thermore, the vorticity imbalance appears to be greatest
at the bow apex since the convective cellswere observed
to be taller at the ends of the bow echo than at the apex
at 2150 UTC (not shown).

Another obvious system-scale feature evident in the
radial velocity data in Fig. 5c¢ is the northern line-end
vortex coincident with the commahead echo. The vortex
couplet diameter® is approximately 20 km at 2151 UTC
and is consistent with sizes of bow echo line-end vor-
tices produced in numerical simulations (Weisman
1993). No well-defined anticyclonic line-end vortex is
observed on the southern end of the convective system
at this time, consistent with numerical simulations by
Skamarock et al. (1994) that show how stretching of
planetary vorticity with time enhances only the northern
line-end vortex.

In addition to the larger-scale line-end vortex, three
smaller meso-+y-scale vortices (e.g., Funk et al. 1999;
Arnott and Atkins 2002) are observed on the leading
edge of the bow echo as enhanced shear regions in the
radial velocity field. Two vortices (8 and 9) are located
north of the bow apex, while one (6) is found south of
the apex. It should be noted that all previous studies
documenting the location of vorticesformed on the lead-
ing edge of bow echoes have placed them at or north
of the apex. The observations presented in Fig. 5 and
in the next section are believed to be the first to show
that meso-y-scale vortices can form on the leading edge
of a bow echo south of the apex.

5. Damage analysis
a. Wind damage

The 29 June 1998 derecho event was a prolific pro-
ducer of damaging surface winds. Property and crop
damage estimates from Sorm Data (NCDC 1998) were
151 million and 20 million dollars, respectively, for both
lowa and Illinois. Numerous injuries and one fatality
resulted from the damaging straight-line winds and tor-
nadoes produced by this derecho.

The time evolution of radar reflectivity for the 29
June 1998 derecho, along with wind damage locations
as reported in Sorm Data, is shown in Fig. 6. Clearly,
the most widespread wind damage occurred after the
system transitioned into abow echo at about 1930 UTC.
The area of countywide wind damage is centered on the
bow echo apex with surface wind damage being reported
indiscriminately north and south of the apex location
throughout the entire time period shown in Fig. 6. The

LAll vortex diameters reported in this paper refer to the radia
velocity couplet diameter. It is recognized that the actual circulation
diameter will be larger.
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29 June 1998 |
2149 UTC - 0.5°

= |
*20me! 29 June 1998
2151 UTC - 1.5°

Fic. 5. (a) Radar reflectivity at 2149 UTC from the KILX 0.5° elevation angle scan. (b) Vertical
cross section through the RIJ along the path labeled A—A’ in (c). Shown are the radar reflectivity
and storm-relative radial velocities [cool (warm) colors indicate velocities toward (away) from the
radar]. Black contours of reflectivity are superimposed on the velocity image. (c) Radar reflectivity
(gray) and ground relative radial velocities are shown with solid (away) and dashed (toward) black

lines.

spatial extent of the wind damage reportsincreaseswith
time, consistent with the observation that the convective
system is also observed to increase in size as it prop-
agated southeastward.

b. Tornado damage

Similar to the derecho event discussed by Funk et al.
(1999), the 29 June 1998 derecho produced many small-
scale circulations formed at the |eading edge of the con-
vective system. These circulations were detected in the
Davenport and Lincoln WSR-88D radial velocity data.
Their locations are shown in Fig. 7 along with tornadic
report locations from Storm Data. A total of 13 circu-
lations were observed. Striking in Fig. 7 is the close

association between Sorm Data tornado reports? and
radar-detected circulation locations. This close associ-
ation lends credence to the Sorm Data tornado reports
for this case and helps to discriminate between the tor-
nadic and nontornadic vortices, as 7 of the 13 vortex
tracks are collocated with tornado reports of FO—1 in-
tensity. Forbes and Wakimoto (1983) have previously
shown that bow echoes can be prolific producers of
tornadic damage. Also apparent is that the vortices and
tornado damage first appeared shortly after the system
began its transition to a bow echo. Many of the vortices

2 A detailed damage survey of this event was performed by Na-
tional Weather Service personnel from both the Davenport and Lin-
coln offices, including the fourth author of this paper.
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Derecho Evolution 29 June 1998 Wind Damage
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Fic. 6. Radar reflectivity (dBZ) at 1801, 1901, 2001, 2102, 2201, 2300, and 2359 UTC on 29
Jun 1998 is shown in gray along with locations of wind damage reports from Storm Data. The
dashed—dotted line represents the area encompassing countywide wind damage reports. The long-

dashed line represents the location of the primary bow echo apex.

moved in a direction parallel to the bow apex while
others appeared to move northward relative to the apex
location. This observation is somewhat different than
the results of Weisman and Trapp (2003) who showed
that all simulated mesovortices moved northward rela-
tive to the bow apex location. Striking in Fig. 7 is that
not al of the vortices are formed north of the bow echo
apex. In fact, three of the vortices are observed south
of the apex, and one of them (11) was tornadic. All
three of these circulations south of the apex were cy-
clonic and not associated with midlevel rotation, similar
to those vortices north of the apex. These observations
are contrary to previous studies that have documented
tornadic and nontornadic vortices to form only at or
north of the bow echo apex (e.g., Funk et al. 1999).

6. Vortex characteristics
a. Mesovortices

Owing to the close proximity of the KDVN and KILX
WSR-88Ds to the convective line and advantageous
view angles, circulations on the leading edge of the
derecho were readily detected in the single-Doppler ve-
locity data. An example at 2019 UTC is shown in Fig.
8, inwhich reflectivity and storm-relative radial velocity
data from KDVN are shown for the lowest four ele-
vation angles. Three of the mesovortices (1, 3, and 5)
shown in Fig. 7 are observed in the 0.5° data in Fig.
8a. All three circulations are visible as a rotational ve-
locity couplet or enhanced shear signature. Unlike the
other mesovortices, vortex 1 forms just south of the
intersection point of the primary convective line and the
east—west outflow boundary shown in Fig. 4. Previous

investigators (e.g., Schmocker et al. 2000; Przybylinski
et al. 2000; Wolf 2002) have shown that the intersection
location between the primary convective line and an
east—west-oriented boundary is a preferred region for
mesovortex genesis. Another unique feature of vortex
1 isthat it has a spatial scale that is much larger than
all other mesovortices formed within the 29 June 1998
derecho. The reason for this size difference is not well
understood but may suggest that the genesis mechanism
for vortex 1 isdifferent than for the other mesovortices.
All three mesovortices are evident at al other elevation
angles shown in Fig. 8 and are located on the reflectivity
gradient, suggesting that they have formed on the cool-
air side of the gust front. Another boundary is also
evident, particularly in the reflectivity field, intersecting
the bow echo at or just north of the apex. It is possible
that this boundary is connected to the moisture surge
evident in the surface analysis on the satellite imagery
presented in Fig. 4. It is interesting that vortex 3 forms
near the intersection of this boundary and the primary
convective line, suggesting that the interaction between
them may play a role in the genesis of vortex 3.

In addition to the leading-edge vortices, an embedded
pair of bookend vortices is observed only in the 2.4°
and 3.3° elevation slices north of the primary bow apex
and behind the leading edge of the system updrafts.
While numerical simulations (Weisman and Davis 1998)
have generated embedded bow echoes such as the one
shown in Figs. 8c and 8d, observations corroborating
their existence are not well documented in the literature.
Detailed analyses of this embedded bow echo and an-
other that formed at a later time are shown in section
6b.
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Fic. 7. Asin Fig. 6, radar reflectivity is shown in gray. Solid black lines with start and end
times represent the tracks of radar-detected circulations. The short-dashed lines represent the
locations of radar-detected bookend vortices. The long-dashed line indicates the location of the
primary bow echo apex. Tornado report locations and intensity from Storm Data are indicated

with gray triangles.

1) MESOVORTEX SIZES

Consistent with previous observationa studies, the
29 June 1998 mesovortices had couplet diameters that
ranged from about 0.5 to 9 km as shown in Fig. 9. Note
that a few of the vortices have initial sizes less than 2
km, suggesting that early detection of these vortices at
long ranges can be problematic. The anomalously large
size of vortex 1 is again evident.

Recent numerical simulations by Weisman and Trapp
(2003) have shown simulated mesovortices to decrease
in number and grow upscale with time. Eventually, some
of the mesovortices grow in size comparableto and even
evolve into the bookend vortices. The observations in
Figs. 7 and 9, however, do not corroborate this simu-
lation result. The number of vortices forming on the
leading edge of the 29 June 1998 derecho does not
diminish with time (Fig. 7), and the vortex core di-
ameters show no consistent trendsin Fig. 9. While some
of the vortices do become larger with time, their re-
sultant sizeis still much smaller than observed and sim-
ulated sizes for bookend vortices.

2) VORTEX LIFETIMES

An interesting aspect of mesovortex evolution within
the 29 June 1998 derecho is that all vortices, with the
exception of 1, formed after the system evolved into a
bow echo (Fig. 10). Multiple vortices were observed
concurrently at various points in their lifetimes, similar
to the results of Funk et al. (1999). The vortices appear
to form continuously during the entire lifetime of the
bow echo. The mean vortex lifetime is relatively short,

only 56 min compared to an average lifetime of about
90 min for the midlevel mesocyclone observed within
supercell thunderstorms (Burgesset al. 1982). A striking
observation in Fig. 10 is that the nontornadic vortices
are consistently shorter lived than their tornadic coun-
terparts. The average lifetimes for the nontornadic and
tornadic vortices are 32 and 76 min, respectively. When
excluding mesovortex 1, mean tornadic lifetime is still
61 min. The reason why the tornadic vortices within the
29 June 1998 derecho persist longer is not well under-
stood. This issue will be further explored in Part I1.

3) MESOVORTEX STRENGTH

In addition to vortex lifetime, another interesting dif-
ference observed between the tornadic and nontornadic
mesovortices is that the tornadic vortices consistently
have stronger rotational velocities. Thisisshownin Fig.
11, in which time-height profiles of V, (see Fig. 11d
for definition) are plotted for two representative non-
tornadic (Figs. 11a,b) and tornadic (Figs. 11c,d) vorti-
ces. Note that for all four vortices, there is no midlevel
rotation that precedes|ow-level rotation, suggesting that
the mesovortices are ‘‘nondescending” (Trapp et al.
1999) in nature. In all cases, the strongest V, values are
found at low levels. Clearly, however, the tornadic vor-
tices are associated with larger V, values, suggesting
that they have larger rotational velocities than the non-
tornadic vortices. The nontornadic vortices generally
have V, values less than 20 m s, while the tornadic
vortices often have values greater than 25 m s*.

The differences in vortex strength are even more ap-
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Fic. 8. Radar reflectivity and storm-relative radial velocities from 2019:08 to 2021:52 UTC.
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flow away and toward the radar, respectively. Thin dashed black lines are range rings and azimuths
relative to the KDVN radar. The thick black line in (c) delineates the location of embedded bow

echo 1.

parent when looking at mean V, vertical profiles for all
tornadic and nontornadic vortices, as shown in Fig. 12.
A striking observation in Fig. 12 is that the difference
in strength between the tornadic and nontornadic vor-
ticesisapparent below 2 km, with the greatest difference
of about 8 m s=* below 0.5 km. The results in Figs.
10-12 suggest that it may be possible to distinguish
between tornadic and nontornadic vortices within bow
echoes as the tornadic vortices tend to be stronger and
longer-lived. However, as shown in Fig. 12, the strength
difference is greatest below 2 km. Thus, accurate mon-

itoring of the time history of low-level vortex strength
and longevity may be useful in the warning process for
distinguishing between tornadic and nontornadic vor-
tices formed within quasi-linear convective systems.

b. Bookend vortices

Numerical simulations have shown that the bookend
vortices are a fundamental system-scale feature of bow
echoes that can enhance the rear-inflow jet (RIJ) by
30%-50% (Weisman 1993) and may have arole in tor-
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Fic. 9. Time series of couplet diameter for all of the mesovortices whose positions are shown
in Fig. 7. The “T"”s indicate time of tornado occurrence for the associated vortex. Dashed lines

indicate nontornadic vortices.

nadogenesis (Pfost and Gerard 1997). Weisman and Da-
vis (1998) have further shown with idealized simula-
tionsthat smaller-scal e embedded bow echoes and book-
end vortices can be produced within a larger-scale bow
echo. Detailed radar observations of bookend vortices
on any scale, however, are not well documented in the
literature. Fortunately, both the KDV N and KILX WSR-
88Ds were able to observe the evolution of two sets of
bookend vortices associated with two embedded bow
echoes.

The first embedded bow echo formed approximately
20 min after the primary convective system began to
bow outward (Fig. 7) and persisted for about 36 min.
Radar observations of this bow echo are shown in Figs.
8c and 8d. Note that it is located north of the primary

bow apex and has a small spatial scale of about 30 km.
The bookend vortices are observed in the 2.4° and 3.3°
elevation scans (Figs. 8c,d) and appear to be responsible
for advecting precipitation rearward of the leading edge.
A smaller-scale RIJ is observed between the bookend
vortices and is not associated with the larger convective
system RIJ.

The evolution of vortex depth and size is shown in
the time—height diagram of velocity couplet diameter in
Fig. 13. Clearly, both bookend vortices are observed at
midlevels between 3 and 9 km. The northern bookend
vortex is initially larger than 20 km in diameter and
evolves to a size less than 15 km at the latter stages of
its evolution. The southern anticyclonic bookend vortex
diameter is consistently about 12—13 km.
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Fic. 11. Time-height profiles of average radial velocity, V, for nontornadic vortices 4 and 5
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Approximately 15 min later at 2051 UTC, another
embedded bow echo and bookend vortex pair form north
of the primary bow echo apex (Fig. 7). As shown in
Fig. 14b, the southern anticyclonic vortex persists for
about 30 min, is observed between 4 and 13 km and

29 June, 1998 \Vertical Profiles of Vy

All Tornadic Vortices

km
AGL

All Non-Tornadic
Vortices

-
-
-
-
-
Cd

b

10 15 ms™’ 20 25

Fic. 12. Composite vertical profiles of V, for all tornadic (solid
line) and nontornadic (dashed line) mesovortices shown in Fig. 7.
Error bars represent 1 std dev for al data points at the respective
level.

has a diameter of roughly 10 km. These observations
are similar to those of the anticyclonic vortex associated
with the first embedded bow echo. The evolution of the
northern cyclonic bookend vortex, however, is much
different than what was observed with the first embed-
ded bow echo. This vortex is first observed between 3
and 9 km with a diameter of about 20 km (Fig. 14a).
Shortly after the time of genesis, the vortex appears to
decrease in size until approximately 2125 UTC when it
then continuously grows in scale. The vortex is also
observed to descend with time beginning at approxi-
mately 2114 UTC and is subsequently observed below
1 km AGL by 2155 UTC. There appears to be a strong
correlation between the northern bookend vortex low-
ering to the ground and the strength of the observed
surface winds and amount (in dollars) of damage as
reported in Storm Data that can be associated with the
vortex. Figure 14aclearly shows that the strongest wind
gusts and greatest amount of damage occurred when the
vortex was observed closest to the ground over Tazewell
County, lllinois. Idealized numerical simulations (Trapp
and Weisman 2003) have also shown that the strongest
near-surface winds may be associated with such vorti-
ces. The results in Fig. 14a suggest that monitoring
bookend vortex location and its vertical extent may be
useful for identifying areas prone to high surface winds.
Thereafter, the vortex is observed only at midlevels and
continues to grow in size, greater than 40 km, after 2300
UTC. Thus, unlike thefirst cyclonic embedded bookend
vortex, the second is longer-lived, deeper, and much
larger. In fact, the second cyclonic bookend vortex be-
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Fic. 13. Radia velocity couplet diameter (km) vs time for the
northern and southern bookend vortices associated with embedded
bow echo 1 shown in Fig. 8.

comes the system’s dominant line-end vortex. This can
best be seen in the time series observations of radar
reflectivity and Doppler radial velocitiesin Fig. 15. Five
minutes after the vortex was initially detected at 2051
UTC (Fig. 15a), the vortex isreadily apparent asaradial
velocity couplet collocated with a curling pattern in the
radar reflectivity field. The couplet diameter at thistime
is about 20 km. It is important to note that the vortex
is not located on the northern end of the primary con-
vective system as the convective line is observed to
extend well north of the vortex location, confirming that
it is associated with an embedded bow echo. The in-
tersecting boundary shown in Fig. 8 is also apparent in
the reflectivity datain Fig. 15a between approximately
60 and 100 km at an azimuth of 165°. Twenty minutes
later at 2115 UTC (Fig. 15b), the velocity couplet and
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collocated curling reflectivity pattern are better defined.
During the next 40 min (Figs. 15c,d) the vortex appears
to move northward and rearward relative to the primary
bow apex and is now located at the northern end of the
convective system, becoming the primary system’s
northern line-end vortex. Northward vortex motion rel-
ative to apex location has been documented in numerical
simulations (Trapp and Weisman 2003). Upscal e growth
isalso observed in thistime period. The velocity couplet
becomes ill defined at 2215 and 2233 UTC owing to
its position relative to the radar viewing angle. The cir-
culation can be inferred, however, in the reflectivity
field, especially at 2233 UTC where the existence of a
weak echo hole is centered on the couplet location.
Weak echo holes are commonly observed with strong
circulations (e.g., Wakimoto and Martner 1992; Wurman
and Gill 2000). The vortex continues to grow in size
and is located further rearward of the leading edge of
the convective system and north of the well-devel oped
RIJ (Fig. 15€). By 2256 and 2314 UTC (Figs. 15g,h)
the couplet is again better defined. The circulation is
apparent in the reflectivity field, especially at 2256 UTC
where a curling pattern is visible in the stratiform rain
region behind and north of the primary convectiveline.

After the cyclonic vortex migrated to the northern end
of the convective lineg, its evolution is very similar to the
numerical simulations by Weisman and Davis (1998),
who showed that the line-end vortices would tend to
move rearward relative to the leading edge of the con-
vective system later in its evolution and grow in size.
The vortices would move further rearward when the en-
vironmental shear at low levelswasweaker. Therearward
propagation is a result of the system-scale updraft tilting
upshear as the strengthening cold pool begins to over-
whelm the environmental shear. As discussed in section
3, the cold pool associated with the 29 June 1998 derecho
wasin fact quite strong during its mature stage. Evidence
that the system-scale updraft had already tilted upshear
by 2151 UTC is seen in Fig. 5.

7. Discussion and summary

In Part | of this two-part paper, radar and damage
observations of the progressive derecho event formed
on 29 June 1998 over lowa and Illinois have been pre-
sented. More specifically, the structural evolution of low
and midlevel vortices formed along and behind the | ead-
ing edge of the convective system, respectively, have
been shown.

A total of 13 low-level mesovortices were observed
within the derecho with al but 1 of them forming after
the system evolved into a bow echo. Only 10 of the
mesovortices formed north of the bow apex; the re-
maining 3 formed south of the apex. Combining Storm
Data tornado reports with the radar data showed that
seven of the mesovortices were tornadic. Tornadic me-
sovortices were observed both north and south of the
bow apex. Mesovortex diameters were small in scale,
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generally ranging from 0.5 to 9 km. Appreciable upscale
growth was not observed with any of the mesovortices.

Close examination of the radar data suggests that it
may be possible to distinguish between the tornadic and
nontornadic mesovortices. Consistently, the tornadic
mesovortices exhibited larger rotational velocities. Tor-
nadic mesovortices often exhibited V, magnitudes in
excess of 25 m s~* while the nontornadic vortices often
were characterized by V, magnitudeslessthan 20 ms—1.
The difference in mesovortex strength was largest below
2 km AGL with the greatest difference of about 8
m s~* near ground level.

Another robust observation concerns vortex longev-
ity. Mean mesovortex lifetime was about 56 min. Mean
lifetimes for the tornadic and nontornadic mesovortices
were 76 and 32 min, respectively. Thus, by monitoring
the temporal evolution of mesovortex strength and lon-

gevity, forecasters may be able to discern between tor-
nadic and nontornadic vortices formed within QLCSs.
Further observational studies are needed to test the gen-
erality of these results.

It is interesting to compare the detection problem of
tornadic circulations within supercell thunderstorms to
those observed within QLCSs. Supercell thunderstorms
are characterized by persistent midlevel rotation with
typical diameters of 7—10 km. Thus, with respect to
vortex size, supercell mesocyclones are more likely to
be detected than QL CS mesovortices, especialy at lon-
ger ranges.

Studies by Burgess et al. (1993) and Trapp and
Stumpf (2002) have shown, however, that only a small
fraction (less than 30%) of supercells produce torna-
does. It is well established that many tornadoes form
within a separate low-level mesocyclone. Interestingly,
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Fic. 15. Time series of radar reflectivity (dBZ) and storm-relative radial velocity (m s=*) for the dominant northern line-end vortex
whose position is indicated in Fig. 7. The black circular arrow represents the approximate location of the vortex couplet.

high-resolution Doppler radar observations from the ficient condition for tornadogenesis. Both Wakimoto
Verification of the Origins of Rotation in TornadoesEx- and Cai (2000) and Trapp (1999) have shown that it is
periment (VORTEX) have shown that the presence of not possible to discriminate between tornadic and non-
a strong, persistent low-level mesocyclone is not a suf-  tornadic low-level mesocyclones within supercell thun-
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derstorms. Hence, while the rotational feature within
supercells may be easier to detect with Doppler radar
owing to their larger size when compared to QLCS me-
sovortices, our current understanding does not allow for
discrimination between tornadic and nontornadic su-
percell mesocyclones. On the other hand, the results of
this paper suggest that it may be possible to discriminate
between tornadic and nontornadic QLCS mesovortices
even though they may be harder to detect owing to their
smaller size.

Finally, radar observations of midlevel bookend vor-
tices were presented in association with two embedded
bow echoes. The first pair of bookend vortices formed
approximately 20 min after the primary convective sys-
tem transitioned into a bow echo and were located north
of the apex. They had a lifetime of about 30 min, were
observed between 3 and 9 km AGL, and had diameters
of 10-26 km. A second embedded bow echo formed
approximately 20 min after the first, again north of the
primary convective system apex. While the anticyclonic
member of this pair persisted for approximately 35 min,
the cyclonic vortex persisted for at least 2 h, grew in
depth and size, and eventually became the dominant
northern line-end vortex of the derecho. The cyclonic
vortex descended to near ground level for approximately
10 min and appeared to be responsible for creating en-
hanced surface wind damage.

While observations of the 29 June 1998 derecho have
provided additional insight on vortex structure and evo-
lution within such events, many unresolved issues re-
main that are critical to the detection and warning pro-
cess. Firgt, it is not well known when in the life cycle
of the QLCS mesovortices tend to form. The results
presented herein suggest that they have a tendency to
form after the system has transitioned into a bow echo;
however, the generality of this observation isnot known.
Thisbehavior is consistent with idealized bow echo sim-
ulations (Weisman and Davis 1998; Weisman and Trapp
2003; Trapp and Weisman 2003). Another important
unresolved question is how much lead timeistherefrom
initial vortex genesis to the time of tornadogenesis. Fur-
thermore, it is not known why some mesovortices be-
come tornadic and others do not. In an attempt to resolve
these questions, future research should, in part, focus
on integrating high-resolution radar observations of the
mesovortices with detailed damage surveys (e.g., Fujita
1981) rather than Storm Data damage reports.

Finally, the mechanism(s) that produces the meso-
vortices is not well understood. Previous investigators
have speculated that the initial vertical vorticity is gen-
erated through a release of a horizontal shearing insta-
bility (e.g., Forbes and Wakimoto 1983; Przybylinski
1995), tilting of horizontal baroclinic vorticity at the
intersection point of a preexisting boundary (e.g., Przy-
bylinski et al. 2000), or tilting of crosswise vorticity by
convective-scale downdrafts (Trapp and Weisman
2003). In Part 11 of this paper, numerical simulations of
the 29 June 1998 derecho event with the WRF model
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will be presented. Preliminary results have already been
reported by Atkins and Arnott (2002). The model ini-
tialization is a horizontally homogeneous representation
of the 29 June 1998 environment using an 1800 UTC
Lincoln, Illinois, sounding. Vorticity diagnostics will be
utilized to understand the generation mechanism(s) and
evolution of mesovortices formed within the simulated
convective system. Understanding the mesovortex gen-
esis mechanism(s) will ultimately lead to improved
warnings of severe weather produced within QLCSs.
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