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ABSTRACT

A series of idealized simulations using a nonhydrostatic cloud model is used to investigate the genesis of bow
echoes (a bow-shaped system of convective cells that is especially noted for producing long swaths of damaging
surface winds). It is hypothesized that severe, long-lived bow echoes represent a dynamically unique form of
mesoconvective organization being produced for a restricted range of environmental conditions, including a
convective available potential energy (CAPE) of at least 2000 m? s~2 and vertical wind shears of at least 20
m s~ over the lowest 2.5-5 km AGL. The key structural features include a 40-100-km-long bow-shaped segment
of convective cells, with a strong rear-inflow jet extending to the leading edge of the bow at 2-3 km AGL, and
cyclonic and anticyclonic eddies (referred to as “bookend” vortices) on the northern and southern flanks of
the bowed segment, respectively. This structure characteristically develops three to four hours into the lifetime
of a convective system and may remain coherent for several hours.

The evolution of this coherent structure occurs systematically as the convectively produced cold pool strengthens
over time, eventually producing a circulation that overwhelms the ambient shear. This forces the convective
cells to advect rearward above the cold air and weaken. The horizontal buoyancy gradients along the back edge
of these rearward-advecting cells subsequently generate an elevated rear-inflow jet that extends to near the
leading edge of the cold pool. The circulation of this jet helps negate the circulation of the cold pool, reestablishing
deep, forced lifting at the leading edge of the system. This elevated rear-inflow jet is also enhanced through the
development of bookend vortices. Such vortices are produced at the ends of a convective line segment as vortex
lines inherent in the ambient vertically sheared environment are first tilted upward by the convective updrafts
and then tilted downward and stretched by the convective downdrafts. The development of these features
requires both large amounts of CAPE and strong vertical wind shear in the environment of these systems, as is

645

consistent with the observed environments of many severe, long-lived bow echoes.

1. Introduction

The identification and understanding of convective
structures that are coherent in both space and time
have been ongoing goals of convective research. These
structures are intriguing not only due to their unique
dynamical character but also due to their enhanced
predictability. Many of these structures have been the
subject of previous inquiry, the supercell being a no-
table example (e.g., Klemp 1987). In this paper, we
will discuss a long-lived mesoconvective structure that
takes the form of a 60-100-km long bow-shaped seg-
ment of cells and that evolves either from an isolated
cell or as part of a larger-scale squall line. These “bow
echoes” (Fujita 1978) have been identified on radar
for more than 30 years and are especially noted for
producing long swaths of damaging surface winds.
However, the physical mechanisms responsible for their
structure and longevity have yet to be explained. In
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the following, we will investigate bow echoes through
a series of idealized simulations using a nonhydrostatic
numerical cloud model. We will hypothesize, in par-
ticular, that certain severe, long-lived bow echoes rep-
resent a dynamically unique form of mesoconvective
organization that occurs for a limited set of environ-
mental conditions: in particular, large amounts of
thermodynamic instability and strong low-level vertical
wind shear.

The tendency for convective cells to organize into
or be organized by mesoscale systems has been known
for quite some time. Perhaps the most intensely in-
vestigated example is the squall line, which is observed
to exist on scales ranging from 100 to over 1000 km
(e.g., Houze and Hobbs 1982; Bluestein and Jain
1985). More recently, investigators have focused on a
broader range of long-lived mesoscale convective sys-
tems (MCSs) (e.g., Maddox 1980; Houze et al. 1990),
many of which begin as squall lines. In all of these
cases, the system is envisioned to be composed of a
sequence of shorter-lived, independent convective cells
that contribute collectively to the much larger system-
scale structure.

The first reference to a system-scale organization that
is larger than cell scale but smaller than squall-line or
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MCS scale was presented by Nolen (1959), who iden-
tified a structure referred to as a line echo wave pattern
(LEWP), which he defined to be *“. . . a configuration
of radar echoes in which a line of echoes has been sub-
jected to an acceleration along one portion and/or a
deceleration along that portion of the line immediately
adjacent, with a resulting sinusoidal mesoscale wave
pattern in the line.” Hamilton (1970) further eluci-
dated the significance of LEWPs by noting the asso-
ciation of this feature with damaging straight-line winds
and tornadoes. He also deduced that the echo bulge
was associated with an intense mesohigh, with the crest
of the feature associated with a mesolow. Strong, dam-
aging winds were attributed to the intense pressure gra-
dient produced by these mesoscale pressure features.
The term “bow echo” was first coined by Fujita (1978)
in reference to the “bulging” echoes of Hamilton
(1970): these echoes could occur individually or as
part of an LEWP as identified by Nolen (1959). Both
Fujita and, more recently, Przybylinski and Gery
(1983) emphasize the association of bow echoes with
long swaths of damaging straight-line winds.

A typical morphology of radar echoes associated with
a bow echo, as envisioned by Fujita (1978; referred to
as a “downburst” in this reference), is presented in
Fig. 1. The system usually begins as a single, large, and
strong convective cell that may be relatively isolated
or may be part of a more extensive squall line. As the
strong surface winds develop, the initial cell evolves
into a bow-shaped segment of cells, with the strongest
winds occurring at the apex of the bow. The cells at
the ends of the segment may appear to move rearward
relative to the center of the bow. During the most in-
tense phase of its life, the center of the bow may form
a “spearhead,” with cyclonic and anticyclonic motion
of the cells on the left and right flanks of the bow. A
strong rear-inflow jet with its core at the apex of the
bow is thought to be associated with the bulging and
speeding up of the radar echoes. This concentrated jet
is proposed by Fujita to be the source of the damaging
winds. During the declining stage, the system often
evolves into a comma-shaped echo with a cyclonically

JOURNAL OF THE ATMOSPHERIC SCIENCES

VoL. 50, No. 4

rotating head. Many of these hypothesized flow features
have recently been confirmed via Doppler radar ob-
servations of bow echo-type systems ( e.g., Burgess and
Smull 1990; Schmidt and Cotton 1989). While bow-
shaped convective systems are observed to occur over
over a wide range of time and space scales, the more
organized, severe bow echoes described above typically
range in size from about 40 to 120 km and often have
lifetimes of several hours.

Even though the observations reveal an organization
to the bow echo that is larger-than-cell scale, a signif-
icant number of the documented cases also suggest that
individual supercells may be incorporated within the
larger-scale structure (e.g., Przybylinski and DeCaire
1985; Schmidt and Cotton 1989; Johns and Leftwich
1988; Smith 1990). However, the frequent observation
of bow echoes without apparent supercells suggests that
supercell processes are not crucial to their existence.

A recent study by Johns and Hirt (1987) offers some
additional insights into bow echoes through a clima-
tological study of a related phenomenon, referred to
asa “derecho.” The term “derecho™ is used to describe
convective systems that produce straight-line convec-
tive wind gusts greater than 26 m s~' within a concen-
trated area with a major axis length of at least 400 km.
The gusts must also show a systematic pattern of pro-
gression, with no more than 3 h elapsing between suc-
cessive wind damage events. Such systems have been
observed to have lifetimes of as long as 18 h, producing
a swath of damaging winds hundreds of kilometers wide
and 1000 km long. During the period of May-August
for the years 1980-83, Johns and Hirt identified 70
derecho cases in the United States, most of which oc-
curred in the upper regions of the Midwest.

In identifying derechos, investigators generally at-
tempt to distinguish between those convective systems
that produce continuous swaths of damaging winds
and those that are associated with more isolated, short-
lived wind events. Beyond this, there is no identification
of the type of convective structure producing the wind
event. The damage swath produced by an isolated su-
percell or a line of supercells (not including tornadic
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FiG. 1. A typical morphology of radar echoes associated with bow echoes that produce strong
and extensive downbursts, labeled DB on the figure (from Fujita 1978).



15 FEBRUARY 1993

events) may easily satisfy the criteria for a derecho
event. However, an examination of the radar-echo
configurations associated with these systems strongly
suggests that the majority of cases involve bow echoes
or LEWPs (Przybylinski and Decaire 1985; Johns and
Hirt 1987).

Johns and Hirt found that the most significant at-
tributes of the derecho environment were the extreme
amounts of convective instability and low-level mois-
ture. Surface dewpoints were commonly greater than
20°C, and the average lifted index was —9°C. In ad-
dition, wind strengths in the low-to-midtroposphere
were greater than that for other types of severe-weather
outbreaks. The average 500-mb winds were estimated
to be 21 m s~!, with the average 700-mb winds at 17
m s~!. Also, over 80% of the events began along or to
the north of an east-west oriented quasi-stationary
thermal boundary and then moved along the boundary.
The significance of this association is as yet unclear,
but certain possibilities include the enhanced low-level
convergence along the zone for triggering convective
events, the enhanced instability that might be realized
owing to the deepening of the moist layer along the
zone, and the enhanced low-level vertical wind shear
that would also be generated along such zones (i.e.,
such generation can be explained with thermal wind-
type arguments). These environmental conditions have
been established further in a more recent climatological
study by Johns et al. (1990), and are also consistent
with the environments observed for the individual bow
echo cases referenced before.

The tendency for a convective cell to evolve into a
bow-shaped system of cells for certain environments
is documented in several of the previous modeling
studies (e.g., Weisman and Klemp 1986). Fundamen-
tally, an updraft produces rain that falls and evaporates,
thereby producing a pool of cold air that spreads along
the ground. This spreading cold pool produces con-
vergence and lifting along its leading edge that can then
trigger new cells. However, rather than a cold pool pro-
ducing a complete circle of new cells around the initial
storm, cells are favored along a bow-shaped arc oriented
perpendicular to the vertical wind-shear vector. The
ability to trigger new cells along this arc increases dra-
matically as the amount of vertical wind shear in-
creases, and also increases if the wind shear is confined
to the lowest 2-3 km AGL.

An explanation for this behavior is offered by Ro-
tunno et al. (1988, hereafter RKW), who found that
the best conditions for triggering cells along a spreading
cold pool occur when the horizontal vorticity generated
by the buoyancy gradient at the edge of the cold pool
is matched by the opposing horizontal vorticity inher-
ent in the ambient low-level vertical wind shear. In this
situation, a vertical jet of air is created at the leading
edge of the cold air that produces deeper lifting than
if the shear were not present. This mechanism may,
on its own, explain the strength and longevity of many
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of the observed convective systems that have been la-
beled as bow echoes. However, more recent simulations
suggest that a unique dynamical structure may evolve
within some of these systems that is not explained by
the previous studies.

An example of such a feature occurs in a squall-line
simulation previously presented by Weisman et al.
(1988, hereafter WKR ). The environmental conditions
for this case include a convective available potential
energy (CAPE) of 2400 m? s 2 and a unidirectional
vertical wind shear of 25 m s™' over the lowest 2.5 km
AGL, with the vertical wind-shear vector oriented per-
pendicular to the squall line. The winds remain con-
stant above 2.5 km. As described by WKR, the storm-
induced cold pool remains well matched to the ambient
shear throughout the simulation, with strong, erect cells
continually being regenerated along the leading edge
of the cold air. By 220 min (Fig. 2a), a 50-km-long
line segment of cells has developed in the southern
portion of the domain, with cyclonic and anticyclonic
eddies apparent on the northern and southern ends of
this line segment, respectively. More isolated cells are
still scattered along the remaining portions of the line.
Over the next 40 min, a strong rear-inflow jet develops
behind the center of this line segment, and by 260 min,
the rear inflow has intensified to greater than 20 m s ™!
over the ambient flow. This structure is depicted at 300
min (Fig. 2b) and continues in quasi-steady fashion
for an additional hour. A smaller bowed segment has
developed north of the original feature, but does not
retain its structure for as long a period of time.

The feature described in the above simulation rep-
resents a form of mesoconvective organization that has
yet to be identified or investigated in numerical studies.
The similarity between this feature and the available
observations of bow echoes during the early part of
their evolution (e.g., up to the comma-echo stage in
Fig. 1) is intriguing. Common features include its bow
shape and size, long life, intense rear-inflow jet with
vortices on either side, and strong flow at the surface.
In addition, both develop either from an isolated cell
or as part of a squall line, and both occur for similar
environmental conditions, consisting of large amounts
of thermodynamic instability and strong low-level ver-
tical wind shear. Finally, both are generated several
hours into the life cycle of the convective system. It is
thus hypothesized that the model-produced feature
may be representative of many of the observed long-
lived convective structures that have been labeled as
bow echoes.

The goal of this paper is to document the physical
processes that develop and maintain these long-lived
mesoconvective structures. This will be accomplished
through the analysis of idealized simulations that re-
produce the bow-echo structure using the simplest
possible set of initial conditions. The discussion will
concentrate particularly on one simulation that traces
the evolution of an isolated cell in a horizontally ho-
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mogeneous environment with unidirectional vertical
wind shear, using the same thermodynamic and wind
profiles specified in the squall-line example discussed
before. This simulation reproduces all the major fea-
tures of the squall-line bow echo described in Fig. 2,
including the midlevel vortices at the ends of convective
segment and the strong, elevated rear-inflow jet. The
analysis of these features, however, is greatly simplified

SQUALL-LINE BOW ECHO
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FIG. 2. Horizontal cross sections of system-relative flow and rain-
water contours at 2.5 km AGL at (a) 220 min and (b) 300 min for
the squall line simulation described by WKR, using an environmental
vertical wind shear of 25 m s~ over the lowest 2.5 km AGL. A
domain speed of U = 22.5 m s~! has been subtracted from the flow
vectors, Vectors are plotted at every other grid point (a distance of
two grid lengths represents 25 m s™'). The rainwater field is contoured
using a 2 g kg ™! interval. Only a 150 km X 150 km portion of the
entire domain is shown.
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by tracing the evolution of a single cell rather than the
evolution of a complete squall line. This simulation
will be referred to as the “idealized” bow echo.

The discussion begins in section 2 with a brief de-
scription of the numerical model used for this study,
followed in section 3 by a detailed description of the
evolution of the idealized bow echo. Section 4 presents
an analysis of the rear-inflow jet based on the recent
study of Weisman (1992), who considers the evolution
of two-dimensional circulations via the horizontal vor-
ticity equation. This analysis explains much of the rear-
inflow characteristics along the center of the bow echo,
but must be expanded in section 5 to consider the in-
fluence of the midlevel vortices that exist at the ends
of the bowed system. In section 6, a set of simulations
is presented that tests the sensitivity of the results to
the details of the thermodynamic profile and the depth
of the shear layer and helps clarify the environmental
conditions most conducive to bow echo genesis. Fi-
nally, in section 7, the main findings of this study are
summarized and discussed in the context of future re-
search initiatives.

2. Model formulation and experimental design

The simulations to be described in this study were
all completed using the three-dimensional nonhydro-
static numerical cloud model described by Klemp and
Wilhelmson (1978), as also used by Weisman (1992).
The model does not currently include ice processes or
radiative heating. Open boundary conditions are em-
ployed on the lateral boundaries, and a gravity-wave
radiation condition is employed at the upper boundary
(Klemp and Durran 1983). Free-slip conditions are
specified at the surface, with the vertical velocity set to
Zero.

Convective cells are initialized in a horizontally ho-
mogeneous environment that is characterized by spec-
ified vertical profiles of temperature, water vapor, and
wind. In addition, the wind profiles are defined to be
unidirectional, and the Coriolis force is set to zero.
These conditions ensure a mirror-image symmetry to
the solution about an axis directed parallel to the ver-
tical wind-shear vector. Thus, only half of the full do-
main need be included. The effects of the Coriolis force
and directionally varying vertical wind shears on system
structure will be presented in a future study. Storms
are initialized by placing an ellipsoidal warm thermal
of 10-km horizontal and 1400-m vertical radius on the
center of the symmetry axis. The thermal is given a
maximum magnitude of 2°C at the center, which de-
creases to zero at the edge, and is balanced hydrostat-
ically with the pressure field. Flow begins as air accel-
erates horizontally into the region of lowered pressure
beneath the thermal, with the resultant convergence
creating upward motion that releases the convective
instability.
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The simulations to be described all use a horizontal
grid resolution of 2 km and a vertical grid resolution
of 750 m. The domain size is 80 km in the y, or cross-
wind, direction; 160 km in the x, or alongwind, direc-
tion; and 17.5 km in the z, or vertical, direction. The
symmetry axis is located along y = 0, and thus, the
effective domain size in the y direction is also 160 km.
Each simulation is run for 240 min. Several experi-
ments were run to test the sensitivity of the results to
this model formulation. In one experiment, the hori-
zontal resolution was increased to 1 km, keeping the
domain size the same. In another case, the vertical res-
olution was increased to 350 m at low levels, stretching
uniformly to about 1 km at the top of the domain. In
a third experiment, the original grid resolution was re-
tained, but the domain was increased in size to 160
km along the y axis (effectively 320 km, including the
mirror image) by 640 km along the x axis to test the
effects of the boundaries. However, the present results
were not significantly affected by any of these changes.

The environmental conditions used for the idealized
bow echo simulation are identical to those used in the
squall-line simulation discussed in the Introduction.
The thermodynamic profile is characterized by a CAPE
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FIG. 3. Skew T-logp diagram depicting the range of thermody-
namic profiles used for the numerical simulations. The three tem-
perature profiles are depicted by the thick solid lines, while the mois-
ture profile is depicted by the thick dashed line. The temperature
profile used for the idealized bow echo simulation is denoted by a
star. The thick dotted line represents the parcel ascent curve for the
14 g kg ! surface mixing ratio cases included in Table 1.
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F1G. 4. Time series of maximum (solid) and minimum (dashed)
vertical velocities (m s™') observed during the 240-min idealized bow
echo simulation.

of 2377 m?s™? with relatively moist conditions
throughout the troposphere (Fig. 3). Air that ascends
from near the surface experiences a small amount of
negative buoyancy before reaching the level of free
convection (LFC) at 1.7 km AGL (820 mb). This
thermodynamic profile was also used in the sensitivity
studies of Weisman and Klemp (1982, 1984, 1986)
and of WKR and RKW. Also included in Fig. 3 are
additional temperature profiles used for the environ-
mental sensitivity experiments to be described in sec-
tion 6. A unidirectional wind profile is specified along
the y axis, with the wind increasing linearly from zero
at the surface to a maximum of U; = 25 ms~' at 2.5
km AGL, with constant winds above. The sensitivity
of the results to variations in this wind profile will also
be discussed in section 6.

3. An idealized bow echo
a. General system characteristics

An overview of the evolution of the idealized bow
echo is presented through a time series of the maximum
and minimum vertical velocities (Fig. 4), along with
horizontal cross sections depicting updraft and down-
draft locations, rainwater concentration, and approx-
imate system-relative flow at the surface and 2.5 km
AGL at hourly intervals through 240 min (Figs. 5-8).
The 2.5-km level was chosen as it clearly displays the
evolution of the midlevel vortices and rear-inflow jet,
which appear to be the distinguishing components of
the bow-echo structure. Also, at this level, the system-
relative ambient flow is close to zero, thereby accen-
tuating the flow features generated by the convective
system. The vertical structure of the system is sum-
marized in Fig. 9 through vertical cross sections of
rainwater concentration, equivalent potential temper-
ature (6,), and system-relative flow along the symmetry
axis of the simulation domain, also at hourly intervals.






