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ABSTRACT

This two-part study examines the damaging potential and genesis of low-level, meso-g-scale mesovortices

formed within bow echoes. This was accomplished by analyzing quasi-idealized simulations of the 10 June

2003 Saint Louis bow echo event observed during the Bow Echo and Mesoscale Convective Vortex Ex-

periment (BAMEX). In Part II of this study, mesovortex genesis was investigated for vortices formed at

different stages of convective system evolution. During the early ‘‘cellular’’ stage, cyclonic mesovortices were

observed. The cyclonic mesovortices formed from the tilting of baroclinic horizontal vorticity acquired by

downdraft parcels entering the mesovortex. As the convective system evolved into a bow echo, cyclonic–

anticyclonic mesovortex pairs were also observed. The vortex couplet was produced by a local updraft

maximum that tilted baroclinically generated vortex lines upward into arches. The local updraft maximum

was created by a convective-scale downdraft that produced an outward bulge in the gust front position.

Cyclonic-only mesovortices were predominantly observed as the convective system evolved into the mature

bow echo stage. Similar to the early cellular stage, these mesovortices formed from the tilting of baroclinic

horizontal vorticity acquired by downdraft parcels entering the mesovortex. The downdraft parcels de-

scended within the rear-inflow jet. The generality of the mesovortex genesis mechanisms was assessed by

examining the structure of observed mesovortices in Doppler radar data. The mesovortex genesis mecha-

nisms were also compared to others reported in the literature and the genesis of low-level mesocyclones in

supercell thunderstorms.

1. Introduction

It has long been recognized that bow echoes can be

prolific producers of straight-line wind damage and

tornadoes. Early studies combining radar and damage

survey data suggested that the straight-line wind dam-

age swaths were produced by a rear-inflow jet (RIJ)

descending to the ground from the rear, near the apex of

the developing bow echo (e.g., Fujita 1978). Doppler

radar studies have since provided corroborating evidence

linking the descending RIJ to straight-line wind damage

swaths (e.g., Forbes and Wakimoto 1983; Schmidt and

Cotton 1989; Burgess and Smull 1990; Jorgensen and

Smull 1993; Przybylinski 1995; Funk et al. 1999; Atkins

et al. 2004).

Recent studies, however, have highlighted the im-

portant role that mesovortices often play in the pro-

duction of straight-line wind damage within bow echoes.

Mesovortices are meso-g-scale (Orlanski 1975) circula-

tions formed at low levels on the bow echo gust front.

Observational studies (e.g., Atkins et al. 2005; Wakimoto

et al. 2006b; Wheatley et al. 2006) have shown that

straight-line wind damage swaths containing F0–F1 sur-

face wind damage were created by bow echo mesovortices

near or just north of the bow echo apex. Wakimoto et al.

(2006b) showed that the damaging near-surface winds

were generated by a superposition of the vortex and

system flow within which the mesovortex was embed-

ded. This result was also observed in quasi-idealized

bow echo simulations presented in the first part of this

study (Atkins and St. Laurent 2009, hereafter Part I).

Mesovortices have also been observed to produce

tornadoes (e.g., Forbes and Wakimoto 1983; Wakimoto

1983; Przybylinski 1995; Funk et al. 1999; Przybylinski

et al. 2000; Atkins et al. 2004, 2005). Most bow echo

tornadoes produce F0–F2 surface wind damage and

have relatively short damage swath lengths. Regardless

of whether a mesovortex produces straight-line or tor-

nadic wind damage, an important observation is that the
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most intense damage within a bow echo may be associated

with mesovortices (e.g., Atkins et al. 2005; Wakimoto

et al. 2006b; Wheatley et al. 2006).

Given the important role that mesovortices play in

the production of damaging surface winds, under-

standing how they form and their damaging potential

are important considerations in the detection and warn-

ing processs. In Part I of this study, the damaging po-

tential was investigated in a series of sensitivity exper-

iments. Stronger mesovortices formed when the low-

level shear was nearly balanced by the cold pool and as

the magnitude of deeper-layer shear increased. Larger

Coriolis forcing and stronger cold pools also produced

stronger mesovortices. It was also observed that the

strongest ground-relative winds were produced by meso-

vortices formed near the descending rear-inflow jet (RIJ).

The strong surface winds were created by the superpo-

sition of the RIJ and mesovortex flows and were located

on the southern flank of the mesovortex.

The genesis of bow echo mesovortices has received

little attention in the literature. Through analysis of ide-

alized simulations, Trapp and Weisman (2003) showed

that convective-scale rainy downdrafts tilted horizontal

vorticity that was baroclinically generated across the gust

front. The tilted vortex lines (lines tangent to the vor-

ticity vector) produced cyclonic–anticyclonic vertical

vorticity couplets with the anticyclonic member located

to the north of the cyclonic circulation. Convergence of

planetary vorticity enhanced the cyclonic mesovortex

and weakened the anticyclonic circulation. Wheatley

and Trapp (2008) analyzed a simulation of the 6 July

2003 Omaha, Nebraska, bow echo event observed dur-

ing the Bow Echo and Mesoscale Convective Vortex

Experiment (BAMEX) and documented mesovortex

pairs produced by the mechanism described by Trapp

and Weisman (2003). A similar genesis mechanism was

discussed by Wakimoto et al. (2006b) for the 6 July 2003

event. Their analysis of dual-Doppler airborne radar

observations of a damaging mesovortex showed that

mechanically forced downdrafts tilted baroclinically

generated vortex lines behind the bow echo gust front to

create cyclonic–anticyclonic mesovortex pairs, similar

to those documented by Trapp and Weisman (2003).

Not all observational studies, however, have shown

the existence of mesovortex couplets near the time of

genesis. Single-Doppler studies by Atkins et al. (2004,

2005) and Wheatley et al. (2006) documented cyclonic-

only mesovortices at or near the time of genesis. This

result was also observed by Wakimoto et al. (2006b) in a

flight leg of dual-Doppler airborne radar data for a

damaging bow echo event observed on 23 June 2003

over much of Iowa. Other studies have highlighted the

role of preexisting boundaries intersecting the primary

convective system (e.g., Klimowski et al. 2000; Przybylinski

et al. 2000; Schmocker et al. 2000) where cyclonic-only

mesovortices were observed to form at the intersection

point. A number of studies have implicated shearing

instability (Miles and Howard 1964) as the genesis

mechanism for cyclonic only low-level vortices formed

along other mesoscale boundaries such as gust fronts

(e.g., Carbone 1982; Mueller and Carbone 1987; Lee

and Wilhelmson 1997), the dryline (Murphey et al. 2006;

Marquis et al. 2007), cold fronts (Arnott et al. 2006), and

the Denver convergence zone (Wakimoto and Wilson

1989). Wheatley and Trapp (2008) suggested that

shearing instability produced mesovortices observed

within a cool-season squall-line bow echo.

Based on the foregoing discussion, there is no clear

conceptual model of mesovortex genesis that is consis-

tent among modeling and observational studies. The

primary objective of this second part of the study is,

therefore, to better understand the genesis mechanism(s)

of bow echo mesovortices. This will be accomplished by

analyzing quasi-idealized simulations of the 10 June

2003 bow echo documented by Atkins et al. (2005).

This paper is organized as follows: The experimental

design is discussed in section 2. Section 3 presents an

overview of the control run while section 4 details the

mesovortex genesis mechanisms. Conclusions are sum-

marized in section 5.

2. Experimental design

As in Part I, the Advanced Research Weather Re-

search and Forecasting (ARW-WRF) model (Skamarock

et al. 2005) was used to generate a quasi-idealized sim-

ulation of the 10 June 2003 Saint Louis bow echo event.

Computations were carried out on a model grid that was

200 and 300 km in size in the west–east and north–south

directions, respectively. The model was initialized with

the 1800 UTC sounding launched at Springfield, Mis-

souri, on 10 June 2003 (see Fig. 1 in Part I). Storm

motion was subtracted from the base-state winds to

ensure that the convective system would stay in the

middle of the model domain for the entire 6-h simula-

tion. The domain extended up to 17.25 km in the vertical

direction. The horizontal grid spacing was 500 m, slightly

better than the 750-m horizontal grid spacing used in

Part I. The vertical grid spacing varied from 160 m near

the ground to 600 m near the model top. These horizontal

and vertical grid resolutions well resolved the mesovortex

genesis mechanisms. The lateral boundary conditions

were open. The upper and lower boundaries were rigid.

A Rayleigh damping layer was placed above 12 km to

suppress wave motions above the tropopause. The lower

boundary condition was free slip. It is acknowledged
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that the lack of surface friction will have some impact on

the low-level wind field. While previous investigators

(e.g., Lee and Wilhelmson 1997) have noted that fric-

tional effects are important for simulating small-scale

vortices such as tornadoes, the results of Adlerman and

Droegemeier (2002) and Weisman and Trapp (2003),

however, suggest that the structural evolution of meso-

g-scale circulations such as mesovortices was not signifi-

cantly impacted by the exclusion of surface friction.

Convection was initiated in the model domain with three

thermal bubbles 20 km apart oriented in the north–south

direction. The Coriolis parameter was set to 1 3 1024 s21

and acted only on the wind perturbations. The 1.5-TKE

closure scheme available in WRF was used to parame-

terize subgrid-scale turbulence while the Lin et al. (1983)

ice microphysics scheme was employed to parameterize

microphysical processes.

3. Overview of the control run

An overview of the simulated convective system is

shown in Fig. 1. The three thermal bubbles used to ini-

tiate convection had produced a north–south-oriented

linear convective line by 2 h (Fig. 1a). On the gust front,

cyclonic and anticyclonic mesovortices had formed. The

convective system evolved into a bow echo over the

next 1.5 h (Fig. 1b). The convective system has bowed

out in response to the development of a RIJ that was

observed in the storm-relative wind field at 1.3 km.

Cyclonic and anticyclonic bookend vortices (Weisman

1993) were also observed on the northern and southern

ends of the bow echo. The bookend vortices have been

shown to form by the upward tilting by the system-scale

updraft of horizontal vortex lines that were baroclini-

cally generated just behind the bow echo gust front

(Weisman and Davis 1998). On the bow echo gust front,

cyclonic-only mesovortices were observed and appeared

to be larger in size than those observed earlier in the

simulation. The increased size was due to the merging of

liked-signed mesovortices (not shown), a behavior also

observed by Trapp and Weisman (2003). By 5 h into the

simulation, the entire convective system had grown up-

scale. The cyclonic bookend vortex had propagated

rearward relative to the leading edge of the convective

system. Cyclonic-only mesovortices were again observed

on the bow echo gust front.

FIG. 1. Evolution of the control run at 2, 3.5, and 5 h into the simulation. Rainwater mixing ratio (g kg21) is shaded gray. Locations of

cyclonic mesovortices where the vertical vorticity is greater than 1.25 3 1022 s21 are filled in black. The thin black contours are locations of

anticyclonic mesovortices having vertical vorticity values less than 21.25 3 1022 s21. The positions of the cyclonic and anticyclonic bookend

vortices are shown at 3.5 and 5 h. Storm-relative winds (m s21) at 1.3 km are plotted at all times.
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A more detailed depiction of mesovortex evolution is

shown in Fig. 2 where the gust front and mesovortex

positions are shown every 15 min. During the early

‘‘cellular’’ stage, the convective system was composed

of storms formed from the initial thermal bubbles. In

fact, three individual ouflows were apparent in the gust

front position at 60 and 75 min. During this stage, cy-

clonic-only mesovortices were observed along the gust

front. As the convective system continued to evolve and

began to acquire bow echo characteristics (early bow

echo stage), both cyclonic-only and mesovortex couplets

were observed to form. Couplets can be seen at 90 and

105 min. In contrast with the results of Trapp and

Weisman (2003) and Wheatley and Trapp (2008),

however, the couplets formed in the control simulation

have the cyclonic member to the north, suggesting a

different genesis mechanism than that proposed by

Trapp and Weisman (2003). As the convective system

evolved into the mature bow echo stage, cyclonic-only

mesovortices were observed. The mature stage was

defined where the bow echo began to acquire asymetric

structure as the cyclonic bookend vortex became larger

and stronger than the southern anticyclonic circulation

due to the convergence of planetary vorticity (Ska-

marock et al. 1994). Many of these mesovortices were

long-lived circulations that had formed during the early

bow echo stage. Others, however, formed later during

the mature bow echo stage.

The results in Fig. 2 suggest that the mesovortex

genesis mechanisms may be different than those re-

ported in Trapp and Weisman (2003). First, Trapp and

Weisman (2003) only observed couplets during the time

of genesis. In contrast, cyclonic-only mesovortices were

observed to form primarily during the early cellular and

mature stages in Fig. 2. Second, the couplets reported by

Trapp and Weisman (2003) formed by downdrafts tilt-

ing horizontal vortex lines solenoidally generated be-

hind the gust front producing an anticyclonic circulation

FIG. 2. Gust front (dashed lines) and mesovortex locations are plotted from 60 to 360 min, every 15 min at 0.2 km.

The gust front position delineates the eastern edge of the cold pool defined as the 218C perturbation from the base

state at 0.2 km. Cyclonic and anticyclonic mesovortex locations are filled gray and black, respectively, and are defined

in a similar manner as in Fig. 1. Gray boxes highlight mesovortices that will be analyzed in subsequent figures.
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to the north. The couplets observed primarily during the

late cellular and early bow echo stages in Fig. 2 clearly

show the cyclonic member north of the anticyclonic

circulation. It should be noted that the low-level envi-

ronmental shear was slightly stronger in the Trapp and

Weisman (2003) simulations than in the control run

shown in Fig. 2. In the next section, the geneses of the

cyclonic-only and mesovortex couplets observed in the

control run are discussed in detail.

4. Mesovortex genesis mechanisms

a. Cyclonic-only mesovortices during the
cellular stage

The genesis of the cyclonic mesovortex highlighed in

the gray box at 90 min in Fig. 2 is now shown. It is rep-

resentative of the other cyclonic mesovortices formed

during the cellullar stage. A more detailed depiction of

this mesovortex is shown in Fig. 3. The vortex was lo-

cated on the southeastern flank of a convective cell,

evident in the rainwater mixing ratio field. This cell was

located on the southern end of the convective line and

exhibited transient supercellular characteristics. Super-

cellular structures were also observed in idealized bow

echo simulations by Weisman (1993) before the cold

pool became dominant. The mesovortex in Fig. 3a was

embedded in updraft along the gust front. Figure 3b

illustrates that it was also located on the gradient of

equivalent potential temperature (ue) and suggested

that the air feeding the mesovortex was coming from

both the high ue inflow and the lower ue air behind the

gust front. To further illustrate this point, backward

parcel trajectories were computed for parcels populating

the mesovortex at 85 min. The near-surface positions of

these trajectories are shown in Fig. 3b. Mesovortex par-

cels were coming from the storm-relative inflow at low

levels. Many other parcels entered the mesovortex from

the north, behind the gust front. These parcels were

descending to low levels before entering the mesovortex

and originated in the convective-cell downdraft to the

northwest of the mesovortex.

Two approaches were taken to understand the genesis

of the mesovortex in Fig. 3. The first involved analysis of

the vorticity equation. For inviscid, Boussinesq flow, the

three-dimensional vorticity equation can be written as

dv

dt
5 (v 1 f k) � $V 1 $ 3 (Bk), (1)

FIG. 3. Analysis of mesovortex genesis during the cellular stage. The analyzed mesovortex is highlighted in the gray

box in Fig. 2 at 90 min. (a) Rainwater mixing ratio (g kg21) is plotted in gray. Vertical velocity (m s21) is contoured

with thin dashed (negative) and solid (positive) contours. Thick solid contours are vertical vorticity beginning and

incremented at 1 3 1022 s21. Horizontal wind vectors are also shown. (b) Equivalent potential temperature (K) is

plotted in gray. Air parcel trajectories projected to 0.2 km are shown as solid black lines. The vector field is horizontal

vorticity. Vertical vorticity is plotted as in (a). The box represents the area shown in Fig. 5a. All fields in both (a) and

(b) are plotted at 0.2 km.
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where v and V are the three-dimensional vorticity and

velocity vectors, respectively; f is the Coriolis parame-

ter; k is the vertical unit vector; and B is buoyancy. The

mixing term has been omitted from this analysis. Phys-

ically, the first term on the right-hand side of (1) rep-

resents the change of the vorticity vector due to tilting

and stretching while the second term represents the

production of vorticity due to a horizontal buoyancy

gradient. As the generation of mesovortices involves the

production of vertical vorticity, the vertical component

of (1) is given by

dz

dt
5 vH � $Hw 1 (z 1 f )

›w

›z
, (2)

where z is the vertical component of vorticity and w is

the vertical velocity. The terms on the right-hand side of

(2) represent the change of vertical vorticity due to

tilting of horizontal and stretching of vertical vorticity,

respectively. As Trapp and Weisman (2003) showed that

convergence of planetary vorticity played an imporant

role in mesovortex evolution, the tendency of absolute

vertical vorticity za (5z 1 f ) will be examined.

The tilting and stretching tendency terms were inte-

grated along representative parcel trajectories in order

to determine how parcels acquired absolute vertical

vorticity according to

za(x, y, z, t) 5 za(xo, yo, zo, to) 1

ðt

to

vH � $Hwdt

1

ðt

to

za

›w

›z
dt. (3)

Model output data every one minute from 65 to 85 min

was used to calculate the time-integrated tilting and

stretching terms along with za. The absolute vertical vor-

ticity calculated from (3) was in close agreement with

the observed value of za along the parcel path (not

shown). The results of this integration for representa-

tive descending and inflow parcels are shown in Fig. 4.

Initially, the descending parcel (bold parcel path behind

the gust front in Fig. 3b) was located at 1.5 km and

descended to 0.25 km by 77 min. In doing so, the parcel

encountered positive tilting just after 73 min. While not

plotted in Fig. 4, it was clear in looking at the parcel

trajectory paths and horizontal vorticity field in Fig. 3b

that the descending parcels acquired streamwise hori-

zontal vorticity as they approached the developing

mesovortex. The positive tilting of horizontal streamwise

vorticity lasted until 80 min and generated weak positive

vertical vorticity. The weak positive vertical vorticity was

then amplified quickly through vortex stretching by the

updraft along the gust front after 83 min.

At 65 min, the inflow parcels originated at z 5 0.2 km.

A representative parcel is shown in Fig. 4b (ground path

shown as thick black line in Fig. 3b). As it approached

the mesovortex, it encountered positive tilting at 77 min.

Similar to the descending parcel, the inflow parcel con-

tained positive streamwise horizontal vorticity, however,

the magnitude was much smaller (not shown) than for

the descending parcels. The positive tilting after 77 min

generated positive vertical vorticity that was further

amplified through vortex stretching after 79 min. The

much smaller magnitude of the horizontal vorticity field

within the inflow than what was observed behind the

gust front in Fig. 3b suggested that the descending, low

ue, parcels appeared to be most important in generating

the mesovortex through the tilting of horizontal stream-

wise vorticity.

Following the discussion in Rotunno and Klemp (1985),

the genesis process was also investigated through anal-

ysis of the circulation of a material curve within a fluid.

The circulation C(t) is defined as

C(t) 5

I
(V � dl), (4)

FIG. 4. Time series of integrated vertical vorticity tendency

terms (s21) for (a) a descending parcel and (b) an inflow parcel.

The parcel vertical vorticity (s21) and height (m) are also plotted.

Trajectory locations for both parcels are shown as thick black lines

in Fig. 3b.
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where V is the three-dimensional velocity vector and the

integration is performed around a closed material surface

(e.g., Batchelor 1967). The change in circulation with

time following the closed material surface, assuming the

inviscid Bousinesq approximation, is given by Bjerknes’s

first circulation theorem (Eliassen and Kleinschmidt

1957) as

dC

dt
5

I
(Bk � dl), (5)

where B is buoyancy. Thus, circulation around a mate-

rial surface may change with time because of buoyancy

effects. The relationship between circulation and vor-

ticity can be seen by applying Stokes theorem to (4),

which yields

dC

dt
5

ð
A

= 3 (Bk) � dA, (6)

where the integration is over a sufficiently well-behaved

area bounded by the material surface. The integrand

represents the solenoidal generation term in (1). There-

fore, the circulation tendency is related to the vortex

lines that are solenoidally generated and pass through

the material surface (Trapp and Fiedler 1995).

A material surface was placed around the mesovortex

in Fig. 3 and is shown in Fig. 5. Notice that a portion of

the mesovortex was positioned within negatively buoyant

air (Fig. 3b) that descended from aloft in the convective-

scale downdraft. This can also be seen in Fig. 5b where

the three-dimensional material surface location was

plotted at 85, 75, and 65 min. At 65 min, the northern

portion of the material surface was located at altitudes

exceeding 0.8 km; however, the inflow portion of the

material surface was located at low levels well to the

east. By 75 min, most of the material surface was near

the ground. As the descending and inflow parcels con-

verged toward the final mesovortex position, the material

FIG. 5. (a) Location of mesovortex in Fig. 3b is shaded gray. Gray contours are buoyancy

(m s22) while horizontal winds (m s21) are shown as the vector field. The initial circuit of parcel

locations surrounding the mesovortex is shown as the solid black contour. Parcel positions are

shown as black dots. All fields are plotted at 0.2 km. (b) Three-dimensional perspective of the

circuit position at 65, 75, and 85 min into the simulation.

FIG. 6. Time series of circulation tendency (dashed line) and

circulation (solid line) calculated around the circuit shown in Fig. 5

from 65 to 77 min. After 77 min, the entire circuit was at low levels.
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FIG. 7. Time series of horizontal streamlines (thin gray lines), rainwater mixing ratio (thick gray contours; g kg21), storm relative

U component (thin black lines; m s21), and gust front position (thick black line) at (a) 65, (b) 70, (c) 75, and (d) 80 min. The thick black

solid and dashed contours in (d) are positive and negative vertical vorticity, respectively. All fields are plotted at z 5 0.2 km.
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surface had reached its final position at z 5 0.2 km by

85 min. Equation (5) was integrated around the the

material surface using model output data every 1 min

beginning at 65 min. As shown in Fig. 6, the circulation

tendency was positive from 65 to 77 min. The circulation

computed from model data around the material surface

increases from 68 min to approximately 76 min. When

the material surface was entirely at the same vertical

level, as was the case after 77 min, the circulation ten-

dency was zero. Thus, consistent with the vorticity equa-

tion analysis, analysis of circulation about a material

surface surrounding the mesovortex illustrated the im-

portant role of the low ue air descending from the con-

vective-scale downdrafts in mesovortex genesis. Vortex

lines passing through the northern, subsiding portion of

the material surface were tilted upward, generating pos-

itive circulation. Interestingly, the genesis of the meso-

vortex shown in Figs. 3–6 appears to be similar to what

was originally discussed by Rotunno and Klemp (1985)

for the genesis of low-level mesocyclones in supercell

thunderstorms.

b. Mesovortex couplets during the late cellular
and early bow echo stages

In addition to the cyclonic mesovortics, cyclonic–

anticyclonic vortex pairs, or couplets, were observed to

form primarily during the late cellular and early bow

echo stage of convective system evolution. In contrast to

the results presented by Trapp and Weisman (2003) and

Wheatley and Trapp (2008), the couplets produced in

the control simulation have the cyclonic member lo-

cated north of the anticyclonic circulation. This config-

uration is evident in Fig. 2 for the couplet highlighted at

90 and 105 min and was true for all others observed to

FIG. 8. (a) Plan view of horizontal vortex lines, vertical vorticity, and gust front position at z 5 0.2 km, 90 min into the

simulation. The analyzed mesovortex couplet is also shown at 90 and 105 min in Fig. 2 and 80 min in Fig. 7. Positive and negative

vertical vorticity are plotted as solid and dashed black contours filled with gray. Only the 1 3 1022 s21 vertical vorticity contour

was plotted to highlight mesovortex positions. (b) Plan-view and vertical cross section through the mesovortex couplet are

shown in (a). The inflow and cold-pool vortex lines and vertical vorticity contours are all plotted at z 5 0.2 km on the plan-view

cross section. Thick black lines are vortex lines in the plane of the vertical cross section and pass through the cyclonic and

anticyclonic mesovortices. Cross-section location is shown in (a). (c) As in (b), except that the vertical cross section is farther to

the east; the location is shown in (a). Vertical velocity is contoured in gray with values greater than 6 m s21 shaded.
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form in the control simulation. An analysis of the cou-

plet genesis is now presented.

The formation of the mesovortex couplet highlighted

in Fig. 2 is shown in Fig. 7. The analysis began at 65 min

(Fig. 7a) where convective cell 1 was evident in the rain-

water mixing ratio field behind the gust front. Downdraft

from this cell was just reaching the surface and was

evident as divergent outflow at 70 min in Fig. 7b. The

outflow had produced a local maximum of storm-relative

westerly flow exceeding 5 m s21 behind the gust front

and was propagating to the northeast. The outflow

continued to propagate northeast and began to impinge

upon the gust front by 75 min (Fig. 7c). In doing so, the

outflow had locally accelerated the gust front to the east

creating a local ‘‘bulge’’ in its surface position. By

80 min (Fig. 7d), the gust front bulge was more pro-

nounced. It is possible that outflow from convective

cell 2 (Figs. 7c,d) had also contributed to the outflow

that was generating the local gust front bulge. More

importantly, vertical vorticity maxima were generated

on either side of the gust front bulge with cyclonic and

anticyclonic vertical vorticity located on the northern

and southern sides, respectively.

To understand how the mesovortex couplet in Fig. 7d

was produced, an analysis of vortex lines in the vicinity

of the gust front bulge is presented in Fig. 8. The gust

front bulge and mesovortex couplet had become more

prominent at 90 min (Fig. 8a). While the vortex lines

associated with the inflow were oriented to the north-

west, the vortex lines passing through the couplet and

behind the gust front were northerly. These northerly

vortex lines were associated with horizontal vorticity

that was solenoidally generated across the gust front.

Two of these northerly cold-pool vortex lines were also

plotted in the plan view cross section in Fig. 8b. Notice

that they passed through the mesovortex couplet. Vor-

tex lines passing through the couplet in the vertical cross

section (A–A9) were also plotted and were observed to

arch upward. These arching vortex lines were tilted

upward by the local updraft observed at the leading

edge of the gust front bulge (Fig. 8c). The updraft

maximum exceeding 6 m s21 was located on the gust

front between the vortex couplet. Thus, it was the up-

draft locally tilting upward the horizontal cold-pool

vortex lines into arches that in turn created the meso-

vortex couplet.

The analysis in Fig. 8 explains the difference between

couplets formed in the control simulation and those

presented by Trapp and Weisman (2003). In the control

simulation, it was the local updraft at the gust front

bulge that tilted cold-pool vortex lines upward to create

the mesovortex pair with cyclonic vertical vorticity lo-

cated to the north. The local bulge was generated by a

convective-scale downdraft and associated outflow lo-

cally accelerating the gust front outward. Trapp and

Weisman (2003) observed rainy downdrafts tilting cold-

FIG. 9. As in Fig. 3, but for the highlighted mesovortex at 225 min in Fig. 2. The box in (b) represents the analysis

region in Fig. 10.
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pool vortex lines downward, creating a mesovortex pair

with anticyclonic vertical vorticity to the north.

The mechanism for mesovortex couplet formation

discussed in Figs. 7 and 8 is essentially the same as what

has been shown to produce the larger meso-b line-end

vortices by Weisman and Davis (1998). The difference is

simply the scale of the updraft. Weisman and Davis

(1998) noted that the system-scale updraft with a finite

north–south extent was responsible for the tilting of

cold-pool vortex lines on the ends of the convective

system. At smaller convective scales, updraft maxima

along the gust front were responsible for the meso-g

mesovortex couplets observed in the control run.

c. Cyclonic-only mesovortices during the
mature stage

As the bow echo entered the mature stage (Fig. 2),

mesovortices along the gust front were largely cyclonic.

Many were long lived, having formed during the early

bow echo stage. A few mesovortices, however, formed

during the mature stage. An example is highlighted in

Fig. 2 at 225 min. The genesis of this mesovortex is now

presented.

A detailed depiction of the convective system and

mesovortex highlighted at 225 min in Fig. 2 is shown in

Fig. 9. The mesovortex was located within updraft (Fig. 9a)

FIG. 10. (a) Location of the mesovortex in Fig. 9b is shaded gray. Gray contours are buoyancy (m s22) while

horizontal winds (m s21) are shown as the vector field. The initial circuit of parcel locations surrounding the meso-

vortex is shown as the solid black contour. Parcel positions are shown as black dots. All fields are plotted at 0.2 km.

The three-dimensional perspective of the circuit position at (b) 230, (c) 225, and (d) 220 min into the simulation.
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and on a gradient of ue (Fig. 9b) along the bow echo gust

front. Unlike the cellular stage, however, the rainwater

mixing ratio field was much more uniform suggesting

that individual convective cells were less prominent

during the mature stage.

Backward parcel trajectories were again analyzed to

determine where the air feeding the developing meso-

vortex originated. Parcels ending up in the mesovortex at

230 min were followed backward for a period of 10 min

(Fig. 9b). Similar to the cyclonic mesovortex observed

during the cellular stage, two source regions were appar-

ent. One originated at low levels in the high ue inflow. The

other was low ue air from the rear of the convective system

within the descending RIJ. Notice that the descending

parcel trajectory positions near the mesovortex were

largely parallel to the horizontal vorticity vectors. This

observation strongly suggests that these descending par-

cels acquired streamwise horizontal vorticity that was then

tilted and stretched by the updraft along the gust front.

Following the discussion for the cyclonic vortex ob-

served during the cellular stage, an analysis of a material

surface surrounding the vortex in Fig. 9 is presented in

Fig. 10. The mesovortex was located on a buoyancy

gradient (Fig. 10a) consistent with high and low ue air

feeding the developing vortex. The material surface in

Fig. 10a surrounding the mesovortex was traced back-

ward for a period of 10 min. The initial position at 0.2 km

is shown in Fig. 10b. Five minutes earlier (Fig. 10c), the

surface had become elongated in the west–east direc-

tion with the western portion located at slightly higher

altitudes. At 220 min (Fig. 10c), the material surface was

even more elongated. The eastern portion was located

within the high ue inflow at low levels. The western

portion of the material surface was located near 1.0 km

above the surface within the descending RIJ. Following

the material surface from 220 to 230 min nicely showed

how parcels in these two source regions converged

together into the developing mesovortex.

An analysis of the circulation tendency is shown in

Fig. 11 from 215 to 230 min. While the computed cir-

culation around the material surface was initially neg-

ative, it increased with time and became positive by 223

min. It continued to increase until 227 min at which time

it was constant. After 227 min, the material surface was

entirely at the same vertical level and therefore, the

circulation should not change with time as shown in (4).

The circulation tendency was positive at all times prior

to approximately 226 min. As the entire circuit ap-

proached low levels, the tendency became zero. Thus, the

genesis mechanism for the cyclonic vortex formed during

the mature bow echo stage was the same as what was

observed during the early cellular stage. The only dif-

ference is that during the cellular stage, the low ue air

feeding the cyclonic mesovortex originated within a

convective-scale downdraft, whereas during the mature

stage, the low ue air originated within the descending RIJ.

d. Shearing instability as a mechanism for
mesovortex genesis

The growth of perturbations along a shear zone, or

vortex sheet, results in the conversion of background

kinetic energy to eddy kinetic energy within the shear

zone. This ‘‘shearing instability’’ (Batchelor 1967) re-

sults in a concentration of vorticity at discrete centers

within the shear zone. Linear theory presented by Miles

and Howard (1964) indicates that the fastest-growing

mode should occur on a scale of 7.5 times the shear zone

width. Many investigators have used this criteria to

conclude that shearing instability may be occurring in a

variety of mesoscale frontal zones including gust fronts

(e.g., Carbone 1982; Mueller and Carbone 1987; Lee

and Wilhelmson 1997; Wheatley and Trapp 2008), the

dryline (Murphey et al. 2006; Marquis et al. 2007), cold

fronts (Arnott et al. 2006), and the Denver convergence

zone (Wakimoto and Wilson 1989). In many of these

studies, the environment contained preexisting ambient

horizontal shear that was not present in the control run

initial condition. Given that cyclonic-only mesovortices

formed during portions of the control run, however, it is

fair to question whether shearing instability played a

role in their genesis.

The potential for shearing instability was assessed by

plotting the locations of mesovortex genesis every 5 min

from 1 to 5 h into the simulation (Fig. 12). A grid with

spacing equal to 7.5 times the shear zone width has been

superimposed on the figure to facilitate comparison be-

tween theory and the simulation results. When examin-

ing the genesis locations, the majority of vortices were

not forming at regular intervals along the gust front with

FIG. 11. Time series of circulation tendency (dashed line) and

circulation (solid line) calculated around the circuit shown in Fig. 10

from 215 to 227 min. After 227 min, the entire circuit was at low

levels.
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a spacing predicted by linear theory. In fact, the pattern

of genesis locations appeared to be quite irregular. Pairs

of vortices at 3 h 40 min and 3 h 50 min (highlighted

gray) were spaced at approximately 7.5 times the shear

zone width. It should be noted that the southern vortex

associated with the pair at 3 h 40 min is the vortex ana-

lyzed in the section 4c. Thus, the highlighted pair at 3 h,

40 min was likely not produced by shearing instability.

Based on the results in Fig. 12, shearing instability was

likely not involved in the genesis of the mesovortices

formed within the control run.

e. Comparison with observations

In an effort to determine the applicability of the meso-

vortex genesis mechanisms reported herein to observed

mesovortices, three bow echo events that have been

studied in the refereed literature were examined. They are

the 29 June 1998 (Atkins et al. 2004), 10 June 2003 (Atkins

et al. 2005), and 6 July 2003 (Wakimoto et al. 2006a,b;

Wheatley et al. 2006) events. All three bow echoes were

progressive (Johns and Hirt 1987) warm season events

that produced damaging mesovortices. Available Doppler

FIG. 12. Time series of gust front position (dashed) from 1 to 5 h, every 5 min. Black dots and

open circles denote cyclonic and anticyclonic mesovortex genesis locations, respectively. Gray

lines are spaced at 7.5 times the shear zone width at the respective times. Shaded locations

represent mesovortex genesis locations that have a spacing of approximately 7.5 times the shear

zone width.
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radar data were analyzed at the time of mesovortex

genesis to determine if the circulations were cyclonic

or produced as a couplet. No anticylonic-only meso-

vortices were observed in these three cases. The meso-

vortices were further categorized according to the stage

of convective system evolution, similar to the control

run herein. The results are presented in Table 1. Be-

ginning with the 29 June 1998 case, all of the meso-

vortices were cyclonic and formed during the early bow

echo and mature bow echo stages. No couplets were

observed. The 10 June 2003 case produced mesovortices

during all three stages of evolution. Cyclonic mesovortices

and possible couplets were observed during the cellular

stage whereas cyclonic-only mesovortices were ob-

served later during the early and mature bow echo

stages. The results of 29 June 1998 and 10 June 2003

highlight the potential role that the cyclonic mesovortex

genesis mechanism discussed herein may play in pro-

ducing observed mesovortices.

The last case was the 6 July 2003 bow echo. Unlike the

previous two cases, vortex couplets were observed with

this event (Table 1). Indeed, Wakimoto et al. (2006b)

observed couplets in dual-Doppler airborne radar data

and attributed their formation to mechanically gener-

ated downdrafts tilting cold-pool vortex lines. This

mechanism is similar to the one discussed by Trapp and

Weisman (2003) and resulted in the anticyclonic circu-

lation formed to the north of the cyclonic vortex.

Intrigued by the dual-Doppler radar observations of

couplets in the 6 July 2003 bow echo, the WRF model

was used to create a quasi-idealized simulation of the

6 July 2003 event. The model set up was similar to the

control with two exceptions. First, the sounding used

to initialize the model was launched from Omaha,

Nebraska, at 0000 UTC 6 July 2003 and represents well

TABLE 1. Observed bow echo events with mesovortices.

Event

Stage of

evolution

No. of

vortices Cyclonic/couplets

29 Jun 1998 Early bow echo 4 Cyclonic

Mature bow echo 9 Cyclonic

10 Jun 2003 Cellular 4 2 cyclonic, 2 possible

couplets

Early bow echo 5 Cyclonic

Mature bow echo 1 Cyclonic

6 Jul 2003 Mature bow echo 5 Cyclonic and couplets

FIG. 13. Evolution of the 6 Jul 2003 simulation at 200, 240, and 300 min. Rainwater mixing ratio (g kg21) is shaded gray. Locations of

cyclonic mesovortices where the vertical vorticity is greater than 7.5 3 1023 s21 are filled in black. The thin black contours are locations of

anticyclonic mesovortices having vertical vorticity values less than 27.5 3 1023 s21. Storm relative winds (m s21) at 1.5 km are plotted at

all times. The box in (a) represents the domain shown in Fig. 14a.
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the environment within which the bow echo propagated.

Second, convectionwas initiatedwith four thermal bubbles

oriented in a southwest–northeast manner, consisent with

the line orientation of the developing convective system.

The simulation, shown in Fig. 13, produced a bow echo

that evolved in a manner similar to that documented in

the radar data. While the convective system had not yet

developed into a bow echo at 200 min (Fig. 13a), a number

mesovortex couplets were observed along the gust front.

Couplets were also observed at 240 min (Fig. 13b) as the

system-scale RIJ began to form. As the system matured

(Fig. 13c), the number of anticyclonic mesovortices de-

creased, consistent with the observations of Trapp and

Weisman (2003) who showed that convergence of plane-

tary vorticity had a measurable affect in strengthening

(weakening) cyclonic (anticyclonic) mesovortices.

FIG. 14. Simulation of the 6 Jul 2003 Omaha bow echo event shown in Fig. 13. (a) The domain location is shown in

Fig. 13a. All fields are the same as in Fig. 8.
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A closer examination of the mesovortex couplets in

Fig. 13a is shown in Fig. 14a. Consistent with the control

run discussed herein, mesovortex couplets formed on

the bow echo gust front with the cyclonic member lo-

cated to the north. As in the control run, cold-pool

vortex lines passed through the couplets from northeast

to southwest, shown in Figs. 14a,b. In the vertical cross

section passing through the couplets (Fig. 14b), the

vortex lines arched upward with positive vertical vor-

ticity located to the north. The vortex lines were tilted

upward by localized updraft maxima located between

the positive and negative vertical vorticity maximum

(Fig. 14c). Thus, the couplets observed in the 6 July 2003

bow echo simulation may have formed from the upward

tilting of cold-pool vortex lines by localized updraft

maxima along the gust front. While this result is the

same as that observed in the control run, it is different

than what was shown by Wakimoto et al. (2006b) and in

a real-data simulation of the same event by Wheatley

and Trapp (2008). This discrepency in genesis mecha-

nisms is discussed further in the next section.

5. Summary, discussion, and conclusions

The genesis mechanisms of mesovortices formed within

bow echoes has been presented. In particular, the analysis

focused on a quasi-idealized simulation of the 10 June

2003 Saint Louis bow echo documented by Atkins et al.

(2005). The Saint Louis bow echo produced a number of

mesovortices, many produced surface wind damage.

Two different genesis mechanisms were identified. As

schematically shown in Fig. 15, the first describes the

genesis of cyclonic vortices that were observed to form

during nearly all stages of convective system evolution.

Parcels that populated the developing mesovortex

originated from two different regions. The first was high

ue inflow air at low levels. The other was low ue air that

originated within convective-scale downdrafts or the

RIJ, when present. Analysis of the vertical vorticity

equation showed that parcels descending within the

downdraft acquired horizontal vorticity, which was sub-

sequently tilted by the updraft along the gust front. The

horizontal vorticity was solenoidally generated by the

baroclinc zone across the gust front. The updraft further

amplified the vertical vorticity through stretching. The

genesis of the cyclonic mesovortices was also investi-

gated through analysis of circulation around a material

surface surrounding the mesovortex. This analysis con-

firmed the two source regions of air feeding the vortex.

It was also shown that the circulation around the ma-

terial surface increased with time as it converged into

the final position surrounding the mesovortex. The in-

creased circulation was attributed to the buoyancy dis-

tribution around the material surface and confirmed that

the mesovortex was formed by the tilting of horizontal

horizontal vortex lines encompassed by the material

FIG. 15. Schematic diagram of cyclonic-only mesovortex genesis. Vortex lines (gold), inflow

and updraft (red), and downdraft (blue) are all depicted. The thick green arrow represents the

mesovortex. The gust front position is shown in black.

MAY 2009 A T K I N S A N D S T . L A U R E N T 1529



surface. This mechanism is similar to what has been

desribed by previous investigators for the genesis of low-

level mesocyclones observed within supercell thunder-

storms (e.g., Rotunno and Klemp 1985; Davies-Jones and

Brooks 1993).

The second mesovortex genesis mechanism, sche-

matically illustrated in Fig. 16, produced couplets with

the cyclonic vortex located to the north of the anticy-

clonic member. This mechanism was observed predom-

inantly during the early bow echo stage. The mechanism

was elucidated through analysis of vortex lines passing

through the couplets. Along and just behind the north–

south-oriented gust front, vortex lines were oriented to

the south. Localized updrafts tilted the initially hori-

zontal cold-pool vortex lines upward, creating arches of

vortex lines centered on the updraft. Thus, cyclonic

(anticyclonic) vertical vorticity was produced on the

northern (southern) side of the updraft. The localized

updraft maximum was generated by a convective-scale

downdraft that produced outflow. The outflow locally

accelerated the gust front outward, producing the up-

draft maximum.

The generation of vertical vorticity couplets as shown

in Fig. 16 has been discussed elsewhere in the literature.

This mechanism was illustrated by Weisman and Davis

(1998) to explain the genesis of midlevel line-end vor-

tices that form on the ends of squall lines. The scale of

the vortices was much larger than mesovortices formed

on the gust front presumably due to the larger scale of

the system updraft that was tilting the cold-pool vortex

lines. Moreover, Markowski et al. (2008) have recently

shown that arching vortex lines were produced in the

vicinity of supercell hook echoes. By examining dual-

Doppler radar data, their analysis showed that the

arching vortex lines pass through the cyclonic low-level

mesocyclone within the hook echo and a broad area of

anticyclonic vertical vorticity usually located to the south

or southwest. The data strongly suggested that the hori-

zontal vortex lines were baroclinically generated and that

updraft tilted them to form the vortex line arches.

An analysis was undertaken to determine if the cy-

clonic-only mesovortices were produced by a shearing

instability. By comparing the observed mesovortex gen-

esis spacing to that predicted by linear theory, it was

concluded that shearing instability was likely not active

in creating mesovortices.

A comparison of the mesovortex genesis mechanisms

reported herein was made with available observations

of mesovortices formed within damaging bow echoes

observed during the warm season. Three events previ-

ously reported in the literature were studied. They in-

cluded the 29 June 1998 (Atkins et al. 2004), 10 June 2003

(Atkins et al. 2005), and 6 July 2003 (Wakimoto et al.

2006a,b; Wheatley et al. 2006) events. Analysis of single-

Doppler radar data suggested that cyclonic-only meso-

vortices formed during the 29 June 1998 and 10 June 2003

FIG. 16. Schematic diagram of cyclonic–anticyclonic mesovortex genesis. Vortex lines (gold),

inflow and updraft (red), and downdraft (blue) are all depicted. The thick green arrow repre-

sents the mesovortices. Gust front position is shown in black.
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bow echo events, thus providing supporting evidence that

the cyclonic mesovortex genesis mechanism shown in

Fig. 15 may be occurring in observed bow echoes.

The results presented by Wakimoto et al. (2006b) showed

mesovortex couplets formed by dowward tilting of cold-

pool vortex lines by mechanically forced downdrafts.

Wheatley and Trapp (2008) identified downward tilting of

cold-pool vortex lines by precipitation-induced downdrafts

as the mesovortex couplet mechanism. A quasi-idealized

simulation of this event was performed to further study the

genesis of the mesovortex couplets. Similar to the process

shown in Fig. 16, the simulated couplets formed through

the upward tilting of cold-pool vortex lines by a local-

ized updraft maximum. The discrepency in mesovortex

genesis mechanisms for the 6 July 2003 case as discussed

by Wakimoto et al. (2006b), Wheatley and Trapp

(2008), and herein is not well understood.

In Part I, it was shown that mesovortex strength de-

pended upon the environmental shear, Coriolis forcing,

and cold-pool strength. As shown in Table 2, the pre-

ferred mesovortex genesis mechanism also appears to

depend upon the aforementioned parameters. Couplets

were commonly observed in the weaker low- and mid-

level shear environments. This includes the 6 July 2003

simulation where 11 m s21 of shear was observed in the

lowest 2 km. Thus, while the 6 July 2003 simulation

results reported herein of mesovortex genesis appear to

be different than those discussed by Wakimoto et al.

(2006b) and Wheatley and Trapp (2008), they are con-

sistent with the other weak shear simulations analyzed in

this study. As the shear magnitude increases to moderate

values (control), couplets were observed in the early bow

echo stages whereas cyclonic mesovortices dominated in

the mature stage. As the shear strengthens further, the

cyclonic mesovortex mechanism dominated.

An important conclusion of this study is that there

may be more than one process that produces mesovortices

within bow echoes. Future research should focus on col-

lecting high-resolution observations of mesovortices. This

could be accomplished with mobile-Doppler radars that

would provide rapid updates of the evolving wind field

surrounding a developing mesovortex.
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