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ABSTRACT

This study examines damaging-wind production by bow-shaped convective systems, commonly referred
to as bow echoes. Recent idealized numerical simulations suggest that, in addition to descending rear inflow
at the bow echo apex, low-level mesovortices within bow echoes can induce damaging straight-line surface
winds. In light of these findings, detailed aerial and ground surveys of wind damage were conducted
immediately following five bow echo events observed during the Bow Echo and Mesoscale Convective
Vortex (MCV) Experiment (BAMEX) field phase. These damage locations were overlaid directly onto
Weather Surveillance Radar-1988 Doppler (WSR-88D) images to (i) elucidate where damaging surface
winds occurred within the bow-shaped convective system (in proximity to the apex, north of the apex, etc.),
and then (ii) explain the existence of these winds in the context of the possible damaging-wind mechanisms.

The results of this study provide clear observational evidence that low-level mesovortices within bow
echoes can produce damaging straight-line winds at the ground. When present in the BAMEX dataset,
mesovortex winds produced the most significant wind damage. Also in the BAMEX dataset, it was observed
that smaller-scale bow echoes—those with horizontal scales of tens of kilometers or less—produced more
significant wind damage than mature, extensive bow echoes (except when mesovortices were present within
the larger-scale systems).

1. Introduction

Our understanding of the mechanisms that produce
severe winds within bow echoes is the culmination of
several inquiries in severe storms research. Early stud-
ies by Nolen (1959) and Hamilton (1970) recognized
the severe weather potential of bulging radar echo con-
figurations. Fujita (1978) provided the first conceptual
representation of the structure and evolution of severe
bow echoes. In Fujita’s conceptual model, as consid-
ered from a radar perspective, a strong, tall echo tran-
sitions to a bow echo under the influence of intense
downdrafts near the bow echo apex. Later studies
(Smull and Houze 1987; Jorgensen and Smull 1993; see
also Fujita 1978) further clarified the kinematic struc-
ture of bow echoes by documenting the presence of a

midlevel, rear-inflow jet (RIJ). Descending rear inflow
at the bow echo apex has traditionally been considered
to be the primary cause of damaging winds near the
ground; microbursts have also been shown to produce
more localized areas of damage within bow echoes
(e.g., Forbes and Wakimoto 1983).

Recent idealized numerical simulations suggest an
evolving conceptualization. Specifically, Trapp and
Weisman (2003) found that the most damaging winds in
mature, extensive bow echoes can be induced by low-
level (altitudes �1 km AGL), meso-�-scale (�10 km)
vortices, or “mesovortices,” located tens of kilometers
northwest of the bow echo apex (along the leading edge
of the system). These circulations form at low levels as
crosswise horizontal baroclinic vorticity is tilted verti-
cally by downdrafts. On a time scale less than an hour,
the resultant vortex couplet gives way to a dominant
cyclonic vortex, due in part to the vertical stretching of
planetary vorticity. Intense, near-ground winds are
driven by the low-level mesovortex circulation, as re-
vealed by an analysis of forcing terms in the horizontal
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momentum equations. Notably, the wind damage pat-
tern associated with these vortices would be “straight
line” (i.e., nontornadic) in appearance, a consequence
of their size and asymmetry.

As found in the idealized experiments of Trapp and
Weisman (2003), low-level mesovortices are especially
favored in environments characterized by moderate to
strong low-level unidirectional vertical wind shear (�15
m s�1 over the lowest 2.5 km AGL) and large instability
(e.g., CAPE greater than �2000 J kg�1; Weisman and
Trapp 2003). Under these conditions, the midlevel RIJ
remains elevated until descending near the leading
edge of the system, which confines RIJ-associated
winds to a narrow band in proximity to the apex. Thus,
the numerical results suggest that mesovortex winds
can be more intense, have longer duration, and instan-
taneously affect a larger area than RIJ/apex winds. Bow
echoes simulated in weaker shear regimes possess
weaker, shallower, and shorter-lived mesovortices.

Low-level mesovortices have been shown frequently
in observations (e.g., Funk et al. 1999; Schmocker et al.
2000; Wolf 2000); however, the corroborative observa-
tional data that clearly differentiates low-level meso-
vortex from RIJ-associated winds is limited. At present,
only a few observational studies in the informal litera-
ture have indirectly or directly documented the role of
mesovortices in the production of damaging surface
winds within bow echoes. Miller and Johns (2000) in-
vestigated several long-lived mesoscale convective sys-
tems (MCSs) that produced “extreme” damaging wind,
tantamount in this case to upper-F1-intensity damage.
One such system, a bow echo event on 4 July 1999,
caused a widespread tree blowdown in northern Min-
nesota. Markedly, this wind damage occurred beneath
what they referred to as a supercell embedded within
the northern flank of the system. Wind damage in prox-
imity to the apex was less dense, with only pockets of
extreme wind damage.

Wolf’s (2000) analysis of the early formation of the
bow echo event on 29 June 1998 revealed six sub-
system-scale, cyclonic vortices along the leading edge of
the convective system, five of which were nontornadic
(see also Atkins et al. 2004). All of the vortices formed
in proximity to or north of the bow echo apex, and were
in general short-lived (lasting only a few radar volume
scans). While the convective event produced wide-
spread, F0-intensity wind damage across eastern Iowa
and central Illinois, localized swaths of F1-intensity
wind damage were found to occur in association with
the cores of the nontornadic circulations. Similar rela-
tions between vortex tracks and point observations
were noted by Przybylinski et al. (2000) and Schmocker
et al. (2000). An indirect role of midlevel vortices in the

production of damaging straight-line winds has been
suggested by Cotton et al. (2003).

The results of the studies summarized above indicate
the need to revisit the established conceptual model
and delve deeper into hypothesized ideas of damaging-
wind production within bow echoes. New data needed
to do so, specifically, from detailed post-storm damage
surveys, have recently become available through the
auspices of the Bow Echo and Mesoscale Convective
Vortex (MCV) Experiment (BAMEX; Davis et al.
2004). Using a straightforward technique that couples
damage survey data with complementary Doppler ra-
dar scans, we aim herein to

1) elucidate where damaging surface winds occurred
within the bow-shaped convective system (in prox-
imity to the apex, north of the apex, etc.), and then

2) explain the existence of these winds in the context of
the possible damaging-wind mechanisms.

In section 2, the data sources are described, followed
by a discussion of the research methodology employed
in this study. In sections 3–6, each of five bow echo
events is described in detail, using complementary ra-
dar-damage analyses. Finally, in section 7, the results of
this study are summarized, their implications are dis-
cussed, and suggestions for future research on this topic
are offered.

2. Methodology

This study considers the possible mechanism(s) of
damaging-wind production in five bow echo events
(Table 1)1 observed during the BAMEX field phase,
which was conducted from 20 May–6 July 2003 over an
experimental domain that encompassed the Midwest,
upper Ohio River Valley, and parts of the Great Plains.
Although a number of special airborne and ground-
based observing instruments were deployed during
BAMEX (see Davis et al. 2004), our two objectives
required only post-event damage surveys and the exist-
ing Weather Surveillance Radar-1988 Doppler (WSR-
88D) network.

a. Damage survey techniques

As also described in a companion paper by Atkins et
al. (2005), detailed aerial and ground surveys of wind

1 The term “cell bow echo” originates from the work of Lee et
al. (1992) and is used to describe bow systems with horizontal
scales of 10–25 km. The term “bow echo” is used to describe bow
systems with horizontal scales of 60–100 km (or greater). The
latter may occur as an isolated phenomenon, or as part of a larger
quasi-linear convective system.

792 M O N T H L Y W E A T H E R R E V I E W VOLUME 134



damage were conducted by the authors and other
BAMEX personnel (see Table 1) immediately follow-
ing apparently severe bow echo events. These surveys
were critical in characterizing the damaging surface
winds within severe bow echoes, especially because
conventional surface observations are sparse relative to
the scale of damaging winds. Storm Data reports also
have been shown to be too sparse (Trapp et al. 2004)
and uncertain (e.g., Witt et al. 1998) for the purposes of
this study, although we used them to enhance our sur-
veys when appropriate.

The scope of ground and aerial surveys was guided
by initial storm reports sent to National Weather Ser-
vice (NWS) offices and also by Doppler radar imagery.
For most events that occurred over an expansive geo-
graphic area, aerial surveys were flown using Cessna
aircraft to photo-document the scale and intensity of
the wind damage. This type of survey facilitated the
most comprehensive post-event assessment of the dam-
aging surface winds within a severe bow echo, and pro-
vided “right of entry” to those areas (private property,
etc.) inaccessible from the existing road network. Fur-
ther, aerial surveying was advantageous in discerning
convergence/divergence patterns associated with tor-
nadic and “straight line” winds, respectively. For com-
pleteness, a ground survey team also was deployed im-
mediately following bow echo events of interest. While
this type of survey was constrained by the existing road
network, it often yielded information about damage in-
tensity that was not evident from the air.

It should be noted that even these special surveys
have limitations. As stated, initial survey efforts fo-
cused primarily on the areas highlighted in the first
storm reports to NWS offices. Expanded survey efforts
followed from assessment of these areas, so it is con-
ceivable that unreported damage areas failed to be in-
cluded in this study. Nonetheless, for reasons already
discussed, this approach was favored over a complete
dependence upon Storm Data reports.

All damage locations were superimposed on high-
resolution (1:250 000) U.S. Geological Survey (USGS)
topographic maps. “Damage vectors” were used to de-
note the direction of tree fall and/or the direction in
which structural damage was strewn. In some instances,

a direction could not be determined due to cleanup
efforts that occurred in the days following the event;
these damage locations were denoted simply with a
point. Variations of this convention are otherwise
noted on a case-by-case basis.

The damage information collected during each sur-
vey effort was synthesized into a comprehensive dam-
age analysis, which provides a quantitative description
of the (geographical) scale and intensity of the wind
damage. Similar to damage analyses of isolated tor-
nadic thunderstorms, the wind speed at each location
was assessed in accordance with the Fujita damage in-
tensity scale (Fujita 1981).

b. Single-Doppler radar data

The radar data used in this study were obtained from
the National Climatic Data Center (NCDC) WSR-88D
archive level II dataset, comprised of reflectivity, mean
radial velocity, and spectrum width over full volumetric
scans. Single-Doppler radar observations were incorpo-
rated in the present study from the following WSR-88D
sites across the Midwest: Wilmington, Ohio (KILN);
Indianapolis, Indiana (KIND); North Webster, Indiana
(KIWX); and Omaha, Nebraska (KOAX). The WSR-
88D data were preprocessed using the software pro-
gram SOLO (Oye et al. 1995). The Mesocyclone De-
tection Algorithm2 (MDA; Stumpf et al. 1998) included
in the research version of Warning Decision Support
System–Integrated Information (WDSS–II; Laksh-
manan 2002; Stumpf et al. 2002) was utilized to facili-
tate the identification and diagnosis of mesovortices.

To ensure an accurate comparison between geo-
graphic locations defined by the radar data and surveys,
it was highly desirable to check the accuracy of range
and azimuth measurements of these single-Doppler ra-

2 Although the low-level mesovortices in these BAMEX cases
had a range of sizes, strengths, and depths, most were identified at
some point as mesoscyclones by the MDA. As described in
Stumpf et al. (1998), the (now WSR-88D) mesocyclone criteria
include a velocity difference (��) threshold of 30 m s�1 and a
shear threshold of 5 m s�1 km�1. The thresholds are relaxed lin-
early to 75% for �� and 50% for shear within the range 100–200
km, and held constant beyond 200 km.

TABLE 1. Summary of BAMEX damage surveys included in this study.

Date(s) Mode Location Aerial survey Ground survey

31 May MCS Wingate, IN Atkins Trapp
10 Jun Cell bow echo Emerson, NE Atkins Wheatley
10 Jun Cell bow echo Shelby, NE Atkins Wheatley
4–5 Jul Bow echo Indiana/Ohio None Trapp, Wheatley
5–6 Jul Bow echo Nebraska/Iowa Atkins, Wakimoto Atkins, Wakimoto
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