Atmospheric Research 170 (2016) 1-13

journal homepage: www.elsevier.com/locate/atmosres

Contents lists available at ScienceDirect

Atmospheric Research

Invited review article
Bow-echo mesovortices: A review

Alexander D. Schenkman **, Ming Xue *"

@ CrossMark

2 Center for Analysis and Prediction of Storms, University of Oklahoma, Norman, OK 73072, United States

b School of Meteorology, University of Oklahoma, Norman, OK 73072, United States

ARTICLE INFO ABSTRACT

Article history:

Received 3 July 2015

Received in revised form 4 November 2015
Accepted 5 November 2015

Available online 12 November 2015

Keywords:
Mesovortices

Severe storms
Bow-echoes

Severe storm dynamics

Non-supercellular damaging winds from convective storms are overwhelmingly associated with quasi-linear
convective systems. A review of early studies of these systems suggested that wind damage/speed was not con-
tinuous and instead was enhanced over many small areas. More recent research has revealed a close association
between damaging winds, tornadoes, and low-level meso-y-scale vortices (mesovortices) that develop within
the convective portion of QLCSs. Observational and numerical studies are reviewed to explain the relationship
between mesovortices, damaging winds, and tornadoes. Substantial disagreement exists with regard to the
processes responsible for the genesis of these mesovortices. Nonetheless, case study simulations of real events
have been successful in simulating mesovortices in both a deterministic and probabilistic framework. Implica-
tions and recommendations for future work in a warn-on-forecast context are provided.

© 2015 Elsevier B.V. All rights reserved.

Contents
1. Introduction . . . . . . . . ...
2. Mesovortices, damaging winds, and tornadoes . . . . . . . . . . ..

2.1.  Observational studies
2.2.  Modeling studies
3. Mesovortex genesis
3.1. Downward vortex line tilting — the Trapp and Weisman model

3.2. Upward vortex line tilting . . . . . . . . . .. .. ... ..

33. The role of surface drag

4,  Forecasting mesovortices . . . . . . . . . . ... ...
4.1. The 8-9 May 2007 tornadic convective system . . . . . . . . .
42. The 8 May 2009 superderecho . . . . . . . ... ... ...

5.  Alook ahead
Acknowledgments

References . . . . . . . . . . . . . e

1. Introduction

In the United States, the vast majority of non-supercellular torna-
does and damaging winds occur in meso-B-scale (20-200 km;
Orlanski, 1975) quasi-linear convective systems (QLCS), such as squall
lines and bow-echoes (Trapp et al., 2005). The structure of bow echoes
(a type of QLCS that develops into a bow-shaped radar reflectivity echo
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structure) and their association with damaging winds was first studied
in detail by Fujita and collaborators in the late 1970s and early 1980s.
Specifically, Fujita (1978) studied radar imagery and developed a con-
ceptual model that describes the life cycle of the bow echo (Fig. 1). In
this conceptual model, the system begins as a single ‘tall echo’ and
then proceeds to develop into a ‘bow echo’ that eventually develops a
rotating comma-echo during its mature and decay phase. Fujita
(1978; 1979) identified the apex of the bow-echo as an area where a
downburst, defined as a strong downdraft that induces an outburst of
damaging winds on or near the ground, could lead to wind damage
and possibly tornadoes.
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Fig. 1. Radar morphology of bow echoes that produce strong and extensive downbursts, labeled DB.

From Fujita (1978).

Initial work studying the structure of bow-echoes focused on larger
system-scale features such as the development of mid-level counter-
rotating, or ‘book-end’, vortices (e.g., Weisman, 1992, 1993), trailing
mid-level mesoscale convective vortices (e.g., Johnston, 1981; Houze
et al., 1989; Menard and Fritsch, 1989; Jorgensen and Smull, 1993;
Skamarock et al., 1994) and the rear-inflow jet (RIJ), an area of mid-
level rear-to-front flow that extends from the stratiform to the
convectively active portion of QLCSs (e.g., Fujita, 1981; Smull and
Houze, 1987; Klimowski, 1994). RIJs have been implicated in the pro-
duction of damaging winds as well as in creating a horizontal vorticity
balance that allows for long-lived bow echoes (Weisman, 1993).

In addition to examining the effects of the RIJ on system longevity,
Weisman (1993) used idealized simulations of bow-echoes to explore
the generation of book-end vortices and proposed that book-end vorti-
ces were the result of system-scale tilting of environmental vorticity by
the system scale updraft and downdraft. Furthermore, Weisman (1993)
pointed out that the book-end vortices acted to accelerate and focus the
system's RIJ which led to severe winds at the bow-apex (Fig. 2).
Weisman (1993) also suggested that more careful analysis was neces-
sary to determine the role of the system-generated (baroclinic) vortici-
ty. Drawing on this suggestion, Weisman and Davis (1998) set out to
determine the relative contribution of the ambient and system-
generated baroclinic vorticity in the development of system and sub-
system scale mid-level line-end vortices (a more general term than
‘bookend’ for vortices that develop at the ends of convective line
segments) based on detailed diagnostic analyses of idealized numerical
simulations. Their study determined that tilting of the system-
generated vorticity was the leading order cause of line-end vortices
(Fig. 3). They clarified that the role of environmental shear was to
promote more intense and upright upward motion along the system's
leading edge thus promoting more intense vortices. Moreover,
Weisman and Davis (1998) found that the cyclonic (anti-cyclonic) vor-
tex was enhanced (weakened) by the convergence of Coriolis rotation.

Over the past two decades, higher-resolution observations, numeri-
cal simulations, and the implementation of the Weather Surveillance
Radar — 1988 Doppler (WSR-88D) radar network have provided oppor-
tunities for more detailed study of the severe winds and tornadoes
within larger-scale bow echoes. These studies have revealed the exis-
tence of low-level meso-vy-scale (2-20 km; Orlanski, 1975) vortices
(hereafter; mesovortices). These mesovortices have been found to be
closely linked with swaths of high winds and tornadoes in QLCSs. It is
important to distinguish that mesovortices are distinctly a low-level
feature that are generally smaller in scale than book-end vortices, and
may occur anywhere within the convectively-active portion of a QLCS,
rather than only at the end of the line segment. Moreover, they are
considerably smaller than trailing mid-level mesoscale-convective
vortices (MCVs; e.g., Johnston, 1981; Menard and Fritsch, 1989).

The remainder of this paper will focus on reviewing the characteris-
tics, dynamics, and successful prediction of mesovortices. In particular,

Section 2 will present a general overview of the observations and simu-
lations of mesovortices and their relationship to damaging winds
and tornadoes. Mesovortex genesis mechanisms will be discussed
in Section 3. Section 4 will examine two case studies in which
mesovortices and their parent storm system were successfully predict-
ed using high-resolution numerical simulations and data assimilation. A
summary and a discussion of key results with implications for future
study are presented in Section 5.

Fig. 2. Schematic representation of an idealized two-dimensional vortex couplet. Strong
flow is induced between the vortices. The shading represents regions of constant vorticity.
Dashed contours mark the area of a negative pressure perturbation field associated with
the flow pattern. The ‘L’ marks the location of lowest pressure.

Adapted from Weisman (1993).
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Fig. 3. Three-dimensional depiction of vortex lines (denoted by the thick solid lines)
arching over a simulated cold pool (<—1 K, shaded). Vectors represent the surface wind
flow.

From Weisman and Davis (1998).

2. Mesovortices, damaging winds, and tornadoes

As mentioned in the Introduction, over the past 20 years, studies
have noted the presence of low-level mesovortices embedded within
the leading edge convection of QLCSs. The term “mesovortex” was
first used in Przybylinski (1995) in reference to a strong vortex near
the northern end of a rapidly moving squall line. Weisman and Trapp
(2003; hereafter WT03) more formally defined mesovortices as signifi-
cant low-level meso-y scale vortices that form within QLCSs. They note
that these mesovortices were similar in size and structure to low-level
mesocyclones in supercells but differ in that they are generally not ac-
companied by a mid-level mesocyclone. In this section, the relationship
between mesovortices, damaging winds, and tornadoes is explored by
reviewing observational and modeling studies. Because the term
‘mesovortex’ was not formally defined until WT03, several of the cited
studies used different terminology to discuss what may have been
mesovortices.

2.1. Observational studies

Fujita and Wakimoto (1981) studied a damaging wind event that oc-
curred from Chicago to Detroit on 16 July 1980. From careful analysis of
damage patterns produced by the event, they identified five scales of
downburst wind damage (Fig. 4). Their study noted that downbursts
typically occurred in clusters with microbursts and embedded very
small-scale ‘burst swaths’. Fujita and Wakimoto (1981) also made a dis-
tinction between the winds associated with the gust front and the
stronger winds associated with ‘downbursts’. Building upon the work
of Fujita and Wakimoto (1981), Forbes and Wakimoto (1983) present
a detailed study of a mesoscale convective system (MCS) that produced
numerous tornadoes, downbursts, and microbursts on 6 August 1977
near Springfield, IL. They found that the tornadoes and downbursts oc-
curred in association with a bow-echo during this event. Moreover, the
tornadoes seemed to be associated with downbursts as well as with the
rotating comma head of the convective system. They noted that hook
echoes were not observed and that the “tornadoes appeared to develop
in conjunction with wind shears associated with the gust front and with
microbursts.” Though Fujita and Wakimoto (1981) and Forbes and
Wakimoto (1983) did not have Doppler radar data to analyze the radial
velocity in the storms they analyzed, the location and description of
these tornadoes and downbursts suggests that the some of features
they are describing were potentially related to mesovortices.

Though Fujita and collaborators cleverly deduced the wind structure
in hindsight from damage surveys, a more detailed understanding of
the structure of the MCS wind field required the availability of
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Fig. 4. Five scales of downburst damage patterns identified via detailed post-storm
damage surveys. Note that the definition of scales differs from those of Orlanski (1975).
From Fujita and Wakimoto (1981).

Doppler radar observations. To prepare forecasters for interpreting the
operational WSR-88D radar data, Przybylinski (1995) presented a sur-
vey of bow-echoes as observed by Doppler radar systems. He noted
that mesoscale vortices had been observed near the bow apex and
northern end of squall lines (Burgess and Smull, 1990). The greatest
wind damage was generally associated with these vortices and torna-
does near the bow echo apex. Przybylinski suggested that shearing in-
stability may be the root cause for these vortices. Trapp et al. (1999)
also speculated shearing instability was responsible for the develop-
ment of a series of mesovortices along the line-echo wave pattern
they studied.

Radar data sets of bow echoes and mesovortices became more plen-
tiful following the operational deployment of the WSR-88D network.
Pfost and Gerard (1997) and Wolf (1998) documented two cases
where tornadoes developed in association with the comma-echo
phase of a QLCS. Funk et al. (1999) presented a detailed study of a
derecho that occurred over Kentucky and southern Indiana on 15
April 1994. Funk et al. (1999) noted that damaging wind occurrences
in this system were closely tied to the development of mesocyclone-
scale vortices at low-levels at the bow-apex and associated with the
comma head of the QLCS. Vortices that were longer-lived and deeper
were observed to produce tornadoes and more widespread damaging
wind swaths. Weaker vortices also produced damaging winds but
were non-tornadic. Funk et al. (1999) also speculated that shearing
instability was important in the formation these vortices.

Atkins et al. (2004; 2005) built upon the work of Funk et al. (1999)
and studied the characteristics of observed mesovortices and their
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relationship to tornadoes and high winds. Specifically, Atkins et al.
(2004) studied a severe bow echo that occurred in June 1998 over
southeast Iowa into central/eastern Illinois and found that tornadic
mesovortices tended to have a significantly longer life-span than non-
tornadic mesovortices. Moreover, tornadic mesovortices had much
stronger rotational velocities than their non-tornadic counterparts.
The differences in rotational velocities were most pronounced at low
levels. Based on these observations, Atkins et al. (2004) suggested it
may be possible to distinguish between tornadic and non-tornadic
mesovortices in an operational setting. Atkins et al. (2005), based on
the study of a different severe bow-echo case that occurred near Saint
Louis, also found that tornadic mesovortices were longer-lived and
stronger than non-tornadic mesovortices. Mesovortices were also ob-
served to be coincident with most of the damaging straight-line winds
produced by the bow echo studied in Atkins et al. (2005). In addition,
Atkins et al. (2005) observed that tornadic mesovortices were stronger
than non-tornadic mesovortices, even prior to tornadogenesis, which
could be promising for operational forecasters trying to provide accu-
rate tornado warnings. However, Atkins et al. (2005) also found that
tornadogenesis occurred, on average, only 12 min after mesovortex
genesis suggesting that forecasters would have very little lead time. Fi-
nally, Atkins et al. (2005) suggested that mesovortices were more likely
to become tornadic if they were in close proximity to the RIJ possibly
owing to stronger stretching associated with enhanced convergence.

The link between mesovortices and damaging winds was solidified
by Wheatley et al. (2006). They surveyed the MCS cases observed dur-
ing the Bow Echo and Mesoscale Convective Vortex Experiment
(BAMEX; Davis et al., 2004) and found that, while damaging winds oc-
curred in MCSs that did not produce low-level mesovortices, the most
intense wind damage was associated with the MCSs that did produce
mesovortices. Moreover, Wheatley et al. (2006) found that these in-
tense damaging winds were generally spawned on the south side of
the mesovortices. Similar results were found in the QLCS studied by
Wakimoto et al. (2006a,b). Additionally, Wakimoto et al. (2006b)
used a flow decomposition to determine that damaging winds in
mesovortices were the result of the superposition of the mesovortex
flow with the rear-inflow jet (Fig. 5).

0538:00 - 0548:26 UTC 400 m AGL

2.2. Modeling studies

Accurate numerical simulations afford the opportunity to examine
dynamic relationships and parameter spaces in much more detail than
observational studies. The association between mesovortices and high
winds has been examined in the model simulations of WT03, Trapp
and Weisman (2003; hereafter TW03), Atkins and Laurent (2009a),
and Xu et al. (2015a). WTO03 used the Klemp and Wilhelmson (1978)
3D cloud model to simulate the behavior of mesovortices in various
windshear regimes. Their experiments included the impact of the inten-
sity and depth of environmental vertical shear on mesovortex behavior.
In general, WTO03 found that stronger vertical shear led to stronger sim-
ulated mesovortices. This was especially the case when the shear was
confined to the lowest few kilometers rather than a deeper layer
(i.e., 0-7.5 km shear). They attributed this result to the fact that stronger
environmental shear promoted stronger, more upright updrafts which
led to more intense vortex stretching. WTO03 also provided a detailed
comparison of the dynamical properties of supercellular mesocyclones
and mesovortices. Specifically, WT03 showed that, in stark contrast to
supercellular mesocyclones, bow-echo mesovortices were distinctly a
low-level feature that were not associated with the upward dynamic
vertical pressure gradient forcing inherent in a pre-existing deep rotat-
ing updraft. Moreover, owing to the lack of dynamic updraft forcing,
mesovortices do not exhibit significant off-hodograph propagation im-
plying that streamwise vorticity is less important in their generation
making the concept of storm-relative environmental helicity somewhat
irrelevant in their prediction. WT03 also explained that low-level rota-
tion maximized at the ground implied a downward vertical pressure
gradient force which TW03 showed acts to fracture convective lines
causing the QLCS to becoming segmented (Fig. 6a).

TWO3 analyzed the results of WT03 and found that the strongest sur-
face winds in the simulated MCSs were associated with mesovortices.
TWO3 ruled out downbursts for the intense winds because they noted
the simulated intense winds descend fairly slowly from aloft. Instead,
TWO03 concluded that damaging winds were driven by the horizontal
pressure gradient force associated with pressure deficits in the
mesovortices. As such, parcels were initially accelerated by the cold
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Fig. 5. Doppler wind synthesis at 0538:00-00548:26 UTC 5 July 2003 at 400 m AGL for a mesovortex associated with damaging winds. In (a) the total analyzed wind field is plotted. In
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From Wakimoto et al (2006b).
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Fig. 6. Two schematic depictions of the relationship between mesovortices and damaging
winds in bow echoes. (Top) From Trapp and Weisman (2003), the red circles represent
mesovortices, the red blob in the vertical plane represents vertical vorticity. The down-
ward-directed PGF (blue arrow) acts to fracture the updraft of the convective system.
The gray stippled area shows severe winds associated with the mesovortex and descend-
ing RIJ. (Bottom) From Atkins and St. Laurent (2009a). The dark shading shows where
damaging winds are found as a result of the superposition of the RIJ and the mesovortex
flow.

pool and then dramatically accelerated by the pressure drop associated
with the mesovortex (see the gray stippled region in Fig. 6a). This led to
the strongest winds occurring in conjunction with the mesovortices.
Atkins and Laurent (2009a) also examined the relationship of
mesovortices to the strength of the low-level shear but used the Weath-
er Research and Forecasting (WRF; Skamarock and Klemp, 2008) model
instead of the Klemp and Wilhelmson model. As in TW03, they found
that mesovortices were strongest for moderate-to-strong low-level
shear. They also attributed this tendency to the fact that stronger low-
level shear favored deeper, more upright updrafts that enhanced
vorticity stretching and longevity of the simulated mesovortices. Unlike
TWO03, Atkins and Laurent (2009a) determined that the intense surface
winds associated with mesovortices were the result of the linear super-
position of the descending rear-inflow jet and the flow associated with

the mesovortex (Fig. 6b). This result is in agreement with the flow
decomposition presented in Wakimoto et al. (2006b).

Noting that previous modeling studies of mesovortices all were
performed with homogeneous initial conditions but observational
studies (e.g., Przbylinski et al., 2000) had suggested that mesoscale
heterogeneity impacted the development of mesovortices, Wheatley
and Trapp (2008) investigated the impact of mesoscale heterogeneity
on mesovortices. Specifically, through numerical simulations of real
cases that included heterogeneous environmental flows, Wheatley
and Trapp (2008) concluded that environmental heterogeneity does
not play a direct role in mesovortex genesis but could substantially im-
pact mesovortex intensity. More specifically, meso-y-scale heterogene-
ity (e.g., a convective gust front from a storm external to the MCS) was
found to enhance vorticity stretching and thus lead to mesovortex
intensification. On the meso-B-scale, a frontal boundary altered the
environmental shear such that updrafts were stronger on the cool side
of the frontal boundary, leading to more intense mesovortices there
when compared to the warm side of the frontal boundary.

While the observation studies discussed in Section 2.1 noted a
correspondence between mesovortices and tornadoes, the dynamical
relationship between the phenomena has been relatively unexplored
in the literature. To the author's knowledge, only Schenkman et al.
(2012) has simulated mesovortices with sufficient resolution to capture
tornado-like phenomena. Their study simulated a long-lived, tornadic
mesovortex with 100-m model grid spacing. Fig. 7 presents their
schematic depiction of tornadogenesis in the simulated event. In this
schematic, a tornado-like vortex' develops within the mesovortex as
vorticity is concentrated by low-level convergence associated with an
intense low-level updraft on the west side of the mesovortex. Interest-
ingly, this low-level updraft was determined to be the upward branch
of a strong horizontal rotor circulation. The vorticity for the rotor was
found to be generated by surface drag in the low-level inflow to the
mesovortex. It is unknown if this type of rotor circulation is a common
occurrence with tornadic mesovortices. More simulations and detailed
observational studies are required to explore the relationship between
mesovortices and tornadoes.

3. Mesovortex genesis

Now that the relationship between mesovortices, damaging winds,
and tornadoes has been reviewed, we turn our attention to the process-
es behind mesovortex-genesis. With one exception (Wakimoto et al.,
2006b), studies of mesovortex-genesis have been based upon numeri-
cally simulated convective systems. Several distinct conceptual models
have emerged for mesovortex formation. As of this review, there is no
reconciliation or agreement about what conceptual model is more
generally correct or applicable.

3.1. Downward vortex line tilting — the Trapp and Weisman model

As discussed above, TW03 and WTO03 examined quasi-idealized sim-
ulations of MCSs over a broad range of environmental shear profiles.
During the early stage of the simulated MCS, the mesovortices began
as vorticity couplets immediately behind the system gust front, with
the cyclonic (anticyclonic) member on the south (north) side of a
rainy downdraft. As such, TW03 surmise that these mesovortices are
generated via the downward tilting of baroclinically generated vorticity
by a localized downdraft associated with a rainwater maximum
(Fig. 8a). During the mature stage of the MCS, TWO03 found that vortex
couplets were formed via tilting of horizontal vorticity associated with
vertical shear underneath the RIJ. The downdraft responsible for tilting
in the mature stage was broader and located several kilometers to the

! Schenkman et al. (2012) call the vortex ‘tornado-like’ because their simulation did not
have adequate resolution to fully resolve the tornado-scale processes associated with the
strong sub-mesovortex-scale vortex.
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rear of convective gust front. Interestingly, in both the early and mature
cases, the symmetry of the vorticity couplet is broken in experiments
that include Coriolis forcing. In those experiments, the cyclonic vorticity
becomes dominant, developing into a strong, long-lived mesovortex. In
experiments that do not include Coriolis forcing, neither the cyclonic
nor anti-cyclonic vortex become strong. As such, TWO03 conclude that
Coriolis forcing is critical in the development of intense mesovortices.
Wakimoto et al. (2006b) examined the genesis of mesovortices via
an airborne dual-Doppler radar analysis. They found that vortex cou-
plets developed with the same orientation (i.e., the anti-cyclonic vortex
was north of the cyclonic vortex) to the simulation of TWO03. However,
Wakimoto et al. (2006b) found that the vorticity couplets formed in
an area devoid of precipitation which led them to conclude that rainy
downdrafts could not be leading to the depression of baroclinically
generated vortex lines. Instead, Wakimoto et al. (2006b) determined
that mechanically forced, compensating downdrafts on the edge of de-
veloping convective storms were responsible for the downward-tilted
cold pool baroclinic vortex lines (Fig. 8b). They also note that rainy
downdrafts do not develop until the cell is well behind the gust front
precluding the scenario envisioned in TWO03 from occurring.

3.2. Upward vortex line tilting

Like WT03 and TWO03, Atkins and St. Laurent (2009b; hereafter
ASL0O9b) also studied quasi-idealized simulations of MCSs. ASLO9b stud-
ied the genesis of mesovortices in their simulations and found substan-
tial differences when compared to TWO03 and Wakimoto et al. (2006b).
Specifically, while vorticity couplets developed in ASLO9b, the cyclonic
member formed to the north of the anti-cyclonic member. A vortex
arch (e.g., Straka et al., 2007; Markowski et al., 2008) connected the
cyclonic and anti-cyclonic areas of vorticity. ASLO9b suggest that a

localized outflow maximum behind the system gust front led to a gust
front bulge. Enhanced convergence associated with this gust front
bulge caused the development of a localized enhancement in the up-
draft which arched crosswise baroclinically-generated vortex lines and
led to the vorticity couplets in the simulation (Fig. 9a). As in TW03,
the cyclonic member of the couplet was favored while the anti-
cyclonic member weakened (the simulations in ASL0O9b all included
Coriolis forcing).

ASL09b also found cyclonic-only mesovortices that developed in
their simulations. These vortices did not form as part of a vortex-
couplet, and instead developed as parcels descended while acquiring
baroclinically generated streamwise vorticity (Fig. 9b). This is a similar
mechanism to that proposed for low-level mesocyclone formation by
Rotunno and Klemp (1985) and Davies-Jones and Brooks (1993). The
cyclonic-only mesovortex development generally occurred very early
in the simulation and then again late in the simulation once a well-
defined rear-inflow jet developed. ASLO9b attempt to reconcile the dif-
ferences in mesovortex-formation conceptual models by performing
and idealized simulation of the same case studied in Wakimoto et al
(2006b) but found that upward tilting of vortex lines was responsible
for the generation of mesovortex couplets in their simulation.
Wheatley and Trapp (2008) also simulated the case studied in
Wakimoto et al. (2006b) with the WRF model (however, their simula-
tion was less idealized and included environmental heterogeneity)
and found downward tilting of vortex lines led to the formation of vor-
tex couplets (Fig. 10). As such, reconciling the differences in the ASLO9b
and TWO3 conceptual models is not possible without a large degree of
speculation. Instead, we note that both models implicate the tilting of
crosswise baroclinically generated vorticity to form vortex couplets. It
is also worth noting that both conceptual models for mesovortex gene-
sis conclude that shearing instability is not important in the generation
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Fig. 8. Two conceptual models of the development of vorticity couplets via downward tilting of vortex lines. (a) Early stage conceptual model from Trapp and Weisman (2003), a rainy
downdraft tilts baroclinically-generated vortex lines (black lines) downward to create cyclonic (red shading and lines) and anti-cyclonic (blue shading and lines) vertical vorticity. The
green boundary represents the system gust front. (b) From Wakimoto et al. (2006b), downward tilting of vortex lines (tube at the edge of the cold pool) by mechanically forced downdrafts
(downward pointing white arrows). This mechanical tilting of vortex lines results in a vortex couplet with the same orientation as that of (a).

of mesovortices. Earlier observational studies had speculated that
shearing instability may play a role in the development of mesovortices
(e.g., Przybylinski, 1995; Funk et al., 1999; Trapp et al., 1999). These nu-
merical studies do not support that assertion. However, Wheatley and
Trapp (2008) found that in a strongly-forced, cool-season QLCS,
system-scale tilting of extremely large environmental vorticity led to
the development of a vortex sheet. Shearing instability in this vortex
sheet was implicated in the development of mesovortices in this case.

3.3. The role of surface drag

Further complicating the conceptualization of the formation of
mesovortices, a recent study by Xu et al. (2015b) has implicated the im-
portance of surface drag in the generation of mesovortices. Both TW03
and ASLO9b neglected surface drag in their quasi-idealized simulations
of mesovortices. In contrast, Xu et al. (2015a) simulated the 8 May
2009 super-derecho (e.g., Coniglio et al., 2010; Weisman et al., 2013)

at 800-m grid spacing, starting from an initial condition that assimilated
all available observations. This real data simulation employed a full
physics package that included a surface drag parameterization. Through
circulation (e.g., Rotunno and Klemp, 1985) and trajectory analysis, Xu
et al. (2015b) found that surface drag played a significant role in gener-
ating vorticity that fed into the developing mesovortices (Fig. 11). The
simulation examined in Schenkman et al. (2012) also showed that sur-
face drag played a role in mesovortex dynamics, but in their study
baroclinic vorticity generation and subsequent arching (as in ASL09b)
were found to be directly responsible for mesovortex rotation. Owing
to the lack of more simulation studies that include surface drag, it is
not possible at this time to assess the generality of the conclusions pre-
sented in Xu et al. (2015b). Additionally, the fact that free-slip simula-
tions (e.g., TW03, ASL09b) produced mesovortices implies that surface
drag is not necessary to simulate mesovortex genesis. It is also worth
noting that rather than explicitly calculating the contribution of surface
drag to circulation and vorticity budgets, Xu et al. (2015b) treat
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Fig. 9. Two schematics for mesovortexgenesis from Atkins and St. Laurent (2009b). In (A),
system-generated baroclinic vorticity (gold) is tilted upward by an updraft (red) at the
leading edge of the cold pool (black). A vortex couplet (green) straddles the downdraft
(blue) and updraft. In (B), a cyclonic-only mesovortex is generated by vorticity tilting in
a downdraft along the gust front and subsequent rising motion.

frictionally generated circulation and vorticity as the residual in their
calculations. More simulations that include surface drag and explicitly
calculate its contribution to vorticity and circulation in mesovortices
are required to determine if frictionally generated vorticity always
plays an important role in mesovortex genesis. A recent real-data simu-
lation study by Schenkman et al. (2014) also pointed out the impor-
tance of frictionally generated horizontal vorticity as a source of
rotation for tornadogenesis within a supercell storm, so the potential
importance of frictional vorticity generation for the intensification of
low-level vortices is definitely worth investigating.

4. Forecasting mesovortices

Despite the differences in mesovortex genesis conceptualizations,
case studies of convection-resolving numerical simulations show prom-
ising results for the accurate prediction of bow-echoes and associated
mesovortices (Wheatley and Trapp, 2008; Schenkman et al., 2011b, a;
Snook et al, 2011; Schenkman et al, 2012; Snook et al,, 2012;
Wheatley et al., 2012; Weisman et al., 2013; Snook et al., 2015; Xu
etal, 2015a, 2015b). In this section, two such case studies are reviewed
in-depth: The 8-9 May 2007 Oklahoma tornadic convective system
(e.g., Schenkman et al.,, 2011a,b) and the 8 May 2009 ‘super-derecho’
(Weisman et al., 2013; Xu et al,, 2015a,b).

4.1. The 8-9 May 2007 tornadic convective system

On 8 May 2007, a large MCS formed over eastern NM and west TX.
The MCS persisted throughout the day and upon entering west-

central Oklahoma that night began producing tornadic and non-
tornadic mesovortices. The mesovortices were generally located in the
comma-echo portion of the MCS (e.g., Fujita, 1978; Pfost and Gerard,
1997). Tornadic mesovortices were found to be longer-lived than non-
tornadic mesovortices (Schenkman et al., 2011b) in agreement with
Atkins et al. (2004) and Atkins et al. (2005). Schenkman et al. (2011a,
b) used the Advanced Regional Prediction system (ARPS; e.g., Xue
et al., 2003) 3DVAR with a cloud analysis package (e.g., Hu et al,,
2006) to assimilate multiple sources of data from this case. Assimilated
data included conventional surface and upper air observations, WSR-
88D reflectivity and velocity data, and radar data from the experimental
Collaborative and Adaptive Sensing of the Atmosphere's IP-I network
(CASA; e.g., McLaughlin et al., 2009). The CASA IP-I network was
designed to fill the gap in low-level radar coverage (<1 km AGL) in
southwest Oklahoma between the Twin Lakes (KTLX) and Frederick
(KFDR) WSR-88Ds.

Schenkman et al. (2011a) found that accurate short term forecasts
(up to 3 h) of the overall convective system and line-end vortex could
be produced by the ARPS model when radar data were assimilated,
using 2-km grid spacing (Fig. 12). The assimilation of CASA data had a
small positive impact on the forecast accuracy of the line-end vortex
track in Schenkman et al. (2011a). Encouraged by the results of the
system-scale simulation, Schenkman et al. (2011b) assimilated the
same data sources at 400-m grid spacing with the goal of investigating
the impacts on the forecasts of mesovortices in the case. At this
resolution, low-level radial wind data assimilation from CASA had a
substantial impact on the analysis and forecast of the sub-system scale
features. Specifically, low-level wind data assimilation led to a more ac-
curate depiction of the near-storm low-level shear and gust front posi-
tion during the analysis period (not shown). During the forecast
period experiments that assimilated low-level winds produced much
more accurate 1-2 h forecasts of the location, intensity, and duration
of one of the observed long-lived mesovortices associated with the
QLCS (Fig. 13). Experiments that did not assimilate low-level wind
data produced numerous weak mesovortices that developed too early
in the simulation and rapidly dissipated (Fig. 13e).

Schenkman et al. (2012) further nested a grid with a 100-m spacing
within one of the 400-m grid spacing forecasts from Schenkman et al.
(2011b). As discussed in Section 2, this simulation produced a weak
tornado-like vortex in association with the long-lived mesovortex fore-
casted. In the observed case, this long-lived mesovortex also produced a
weak tornado in a similar location as in the simulated experiment.
Though the tornado-like vortex occurred 20 min too early in the 100-
m forecast, the similarities to the evolution of the observed tornadic
mesovortex are encouraging for providing significantly enhanced
lead-time for mesovortex tornadoes. This enhanced lead time is neces-
sary for the National Weather Service's proposed shift to a warn-on-
forecast paradigm, where warnings for hazards are issued based on
high-resolution numerical forecasts rather than upon detection
(e.g., Stensrud et al,, 2009; Stensrud et al., 2012).

Snook et al. (2011, 2012, 2015) also examined the same 8-9 May
2007 MCS but used the ensemble Kalman filter (EnKF) (instead of
3DVAR) data assimilation system of Tong and Xue (2005) and Xue
et al. (2006), and produced probabilistic instead of deterministic fore-
casts. Like Schenkman et al. (2011a,b), Snook et al. (2012, 2015) obtain-
ed accurate forecasts of track and timing of the line-end vortex and an
associated long-lived mesovortex. They also demonstrated potential
skills in probabilistic forecasting of tornado-like vortices within a
high-resolution numerical model.

Taken as a whole, the results of this multi-scale case study sug-
gest that it may be possible to accurately forecast the development
of strong, long-lived mesovortices with up to 2 h of lead time given
adequate low-level observations. This result is reinforced by the
fact that accurate forecasts were produced using two distinct data
assimilation methods as well as in both a deterministic and probabi-
listic framework.
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Fig. 10. Simulated vorticity couplet straddling a low-level downdraft at 400 m AGL. Cyclonic vorticity (solid black lines) is south of anti-cyclonic vorticity (dashed black lines). Vertical

velocity is shaded (cm s~ ). Light gray lines are potential temperature isotherms.
From Wheatley and Trapp (2008).

4.2. The 8 May 2009 super derecho

On 8 May 2009, an unusually intense MCS produced widespread
wind damage and multiple tornadoes across Kansas, southern Missouri,
and southern Illinois (Fig. 14a). Convective initiation occurred along the
eastern slope of the Rocky Mountains in Colorado. The system intensi-
fied as it encountered unusually strong and deep low-level jet in Kansas
and Missouri (Coniglio et al,, 2010). As the MCS matured a very intense
warm-core mesolow formed at the northern tip of the bow-echo.
Weisman et al. (2013) examined a real-time 3-km grid spacing simula-
tion of this system produced with the Advanced Research core of the
Weather Research Forecasting model (WRF-ARW; Skamarock and
Klemp, 2008). This simulation accurately captured the development of
many of the key features of the observed event, including the mesolow,
up to 24 h in advance (Fig. 14b). However, Weisman et al. (2013) note
that while many mesovortices were observed in the actual event, they
were not present in the WRF-ARW simulation likely owing to insuffi-
cient resolution.

Xu et al. (2015a) used Doppler radar observations to examine the
mesovortices observed during the mature phase of the 8 May 2009
super derecho in more detail. They identify 9 mesovortices (Fig. 14c),
5 of which were tornadic. All tornadic mesovortices were located to
the north of the bow echo apex. Xu et al. (2015a) also generated and ex-
amined a 0.8-km grid interval simulation of the super derecho, that was
nested within a 4-km CONUS-domain realtime forecast from the Center
for Analysis and Prediction of Storms (CAPS) storm-scale ensemble
forecast (SSEF) runs (Xue et al., 2009). The simulation in Xu et al.
(2015a) also produced 9 mesovortices (Fig. 14d) during the period
they examined (that spanned from 1400 to 1640 UTC with the initial

condition being at 0000 UTC). Though there is not a one-to-one corre-
spondence between simulated and observed mesovortices, the simulat-
ed mesovortices from Xu et al. (2015a) generally follow a similar path
and are in a similar MCS-relative location as the observed mesovortices
(Fig. 14c, d). Analysis of these mesovortices shows that high winds were
generally associated with the mesovortices near the bow echo apex. In
agreement with ASL09a and Wakimoto et al (2006b), these high
winds were caused by the superposition of the rear-inflow jet and the
mesovortex flow.

The reasonably skillful mesoscale and storm-scale forecasts of the 8
May 2009 super derecho present a possible blueprint for operational
forecasting of bow-echo mesovortices in a warn on forecast context.
More specifically, a convection-resolving simulation of a bow-echo
could be used to initialize a short-term higher-resolution nested
simulation capable of resolving mesovortices. While a one-to-one corre-
spondence of model forecasted and observed mesovortices is highly un-
likely beyond the typical life cycle of mesovortices, these mesovortex-
resolving simulations could be used to alert operational forecasters to
the potential for long-lived mesovortices, and thus, damaging winds
and tornadoes. When an ensemble of such forecasts is produced,
probabilistic information could also be provided. Beyond the warn on
forecast time frame, the results of the 8 May 2009 forecasts suggest it
may be possible to have up to 24 h of lead time for the potential for dam-
aging mesovortices given a successful larger scale forecast.

5. A look ahead

Great strides have been made in the understanding of mesovortices
and their association with high winds and tornadoes in QLCSs.



10

A.D. Schenkman, M. Xue / Atmospheric Research 170 (2016) 1-13

Frictionally induced_ /™~
horizontal vorticity

Low-level cyclonic
mesovortex MV

Fig. 11. Schematic from Xu et al. (2015b) showing mesovortexgenesis near the apex of a large bow echo. Red lines denote vortex lines. The mesovortex location is marked by the curved
purple arrow. A material circuit enclosing the mesovortex is marked in green and shaded in gray.

Interestingly, however, the dynamics behind mesovortex generation couplets are formed as storm-generated (baroclinic) vortex lines are
remains an open research problem. At least five hypotheses exist that either depressed downward by (i) rainy downdrafts (e.g., TW03), or
explain mesovortex genesis. In the first three hypotheses (i-iii), vortex (ii) mechanically forced downdrafts (Wakimoto et al., 2006b), or are
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Adapted from Schenkman et al. (2011b).

arched upward by (iii) a localized updraft enhancement (ASLO9b,
Schenkman et al., 2012). In contrast, the other two hypotheses (iv-v)
explain the development of cyclonic-only mesovortices via the tilting
of (iv) baroclinic vorticity as parcels descend parallel to the convective
gust front (ASLO9b) or (v) frictionally generated vorticity as parcels as-
cend at the gust front (Xu et al., 2015b). Future work should focus on

obtaining high-quality observational data sets of MCSs that spawn
mesovortices in order to initialize high-resolution model simulations
through advanced data assimilation methods (e.g., Schenkman et al.,
2011a,b; Snook et al, 2012,2015). Vorticity calculations along trajecto-
ries combined with circulation analyses should provide the necessary
evidence to determine what mesovortex genesis mechanisms are
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occurring in the simulations. Inclusion of a surface drag parameteriza-
tion is imperative in these simulations in order to assess the validity of
the mesovortex genesis mechanism proposed by Xu et al. (2015b). It
is also possible that the mesovortex genesis mechanism will vary
depending on model parameters. For example, as discussed above,
ASLO9b used a different configuration of the WRF-ARW to simulate
the same case as Wheatley and Trapp (2008) and found a different
mesovortex genesis mechanism. An idealized model parameter study,
perhaps including different forecast models, may be necessary to under-
stand the sensitivity of the conclusions on the model and model
configurations.

The dynamical relationship between mesovortices and tornadoes is
another area with many opportunities for future research. While it has
been shown that tornadic mesovortices tend to be longer-lived and
deeper than non-tornadic mesovortices, the root causes behind this
tendency remain relatively unexplored. Specifically, it is unknown
why some mesovortices are stronger and longer-lived than other
mesovortices within the same system. It is encouraging that case
studies of these mesovortex-producing systems have shown promise
in forecasting the development of long-lived mesovortices. With the

continued increase in computational power, as well as advances in
data assimilation techniques and improvement in the accuracy of nu-
merical models, it should be possible to produce more simulations
that capture tornado-like processes. Assuming the simulations can ac-
curately portray tornado-like vortices, analysis of these simulations
should allow researchers to gain a more fundamental understanding
of the dynamical relationship between mesovortices and the tornadoes
they spawn. Increased understanding, along with accurate forecast
models, may give forecasters the information they need to better antic-
ipate the development of tornadoes in association with mesovortices
thus reducing false-alarms and increasing lead-time for tornado warn-
ings in these scenarios.
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