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Mesoscale Convective Systems

9.1 General characteristics
The American Meteorological Society’s Glossary of Meteo-
rology defines a mesoscale convective system (MCS) as any
ensemble of thunderstorms producing a contiguous pre-
cipitation area on the order of 100 km or more in horizontal
scale in at least one direction (Figure 9.1). This length scale
is approximately the scale at which the Coriolis acceleration
becomes significant (i.e., the perturbations produced by the
Coriolis force approach the same order of magnitude as the
original wind); V/f ∼ 100 km, where V is the characteristic
wind speed (V ∼ 10 m s−1 assumed) and f is the Coriolis
parameter (f ∼ 10−4 s−1 assumed).1

MCSs can evolve from convection that is somewhat
isolated early in its life. After several hours have elapsed,
outflows that might have originated from widely separated
areas of initial convective development tend to merge into
a single, large cold pool capable of initiating new cells along
most of its length. Such evolution is often termed upscale
growth of convection. It is accelerated in environments
in which the deep-layer wind shear, and also usually the
environmental system-relative winds at upper levels, have
a large component parallel to the convection-initiating
boundary. In such an environment, hydrometeor fallout
is primarily in the along-line direction, thereby provid-
ing a source of latent cooling in the along-line direction
(Figure 9.2). In other cases, MCSs develop almost immedi-
ately following convection initiation, perhaps as a result of
widespread, strong forcing along an air mass boundary in a

1 The length scale V/f comes from assuming �V/�t = fV , and when
�V is as large as V , this becomes 1/�t = f . If this time interval is related
to a horizontal distance L that is traveled by an air parcel at speed V ,
that is, �t = L/V , then L = V/f .

weakly capped environment, or perhaps as a result of strong
isentropic upglide over a synoptic-scale front, particularly if
a low-level jet is involved. The latter breed of MCS has been
referred to as a Type 1 MCS, whereas those driven by their
own cold pools are sometimes referred to as Type 2 MCSs.2

Type 2 MCSs are the most likely to produce severe weather
given their greater potential coupling to the boundary layer,
although both types of MCS can produce heavy rain.

Most MCSs probably can be regarded as multicellular
convection, in the sense that new cells are repeatedly trig-
gered by the gust front in order to maintain a system of cells
that long outlives the life of any individual cell. Thus, the
structure of many MCSs (many Type 2 MCSs, specifically)
can be represented schematically by Figure 8.12b by simply
extending the figure infinitely into and out of the page.
We might allow for the possibility that in a rare case the
vertical wind profile could lead to an ordinary cell motion
that exactly matches the forward speed of the gust front,
such that cells are not repeatedly undercut by the gust
front as in multicellular convection, although such unicel-
lular behavior is not observed to our knowledge, nor is it
seen in numerical simulations of MCSs (Figure 9.3) unless
some components of the precipitation processes are unre-
alistically turned off (e.g., evaporation and precipitation
loading).

When the shear is strong and deep, an MCS may
comprise a line of supercells, but perhaps only for some
particular orientations of the deep-layer shear to the line of
forcing. For example, if the deep-layer shear is strong but
oriented at roughly a 90◦ angle with respect to the initiating
boundary, the splitting of cells along the line may result in

2 Note that an MCS can be cold pool driven (i.e., Type 2) even if it moves
along the cold side of a synoptic front.
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Figure 9.1 Radar reflectivity (dBZ) from the St. Louis,
MO, radar at 1035 UTC 15 April 1994 showing a mesoscale
convective system (MCS). A quasi-linear, narrow band of
high reflectivity is associated with the leading convective
towers and is trailed by a much broader region of weak
to moderate reflectivity. The gust front also is evident.

left- and right-movers colliding with each other, resulting
in a rapid upscale growth into a two-dimensional MCS
(e.g., in the northern hemisphere, a northeastward-moving
left-mover that results from storm-splitting can collide with
southeastward-moving right-mover that results from a
different storm-splitting occurrence farther north). On the
other hand, if the deep-layer shear is strong and oriented at
roughly a 45◦ angle with respect to the initiating boundary,
the left-movers that result from storm-splitting tend to
move roughly parallel to the initiating boundary, whereas
the right-movers can move at an angle roughly orthogonal
to the initiating boundary, allowing them to avoid cell
collisions and maintain their three-dimensionality.3 We
also shall see (Section 9.4) that a type of MCS or sub-MCS
structure (both are possible) known as a bow echo can
evolve from supercells, particularly HP supercells. In
general, however, this chapter will not consider lines of
supercells that, on occasion, technically can satisfy the
definition of an MCS. Instead, our emphasis is on MCSs
that exhibit multicellular behavior. An exploration of
MCSs has been postponed until this chapter because of the
role that the Coriolis force and associated meso-α-scale
circulations play in the maintenance of many MCSs.

3 See Bluestein and Weisman (2000).

t = t0

t = t0+Δt

t = t0+2Δt

Figure 9.2 Schematic illustrating why the upscale
growth of convection is accelerated in environments in
which the deep-layer shear has a large component parallel
to the convection-initiating boundary (a cold front in this
case, without loss of generality). In the left column, the
cold pools (gust fronts are indicated by the thin, hatched
barbed lines, precipitation areas are shaded green) grow
in the along-boundary direction over the time inter-
val 2�t, following convection initiation shortly before
t = t0, as a result of the deep-layer wind shear (direction
indicated with the gray arrow) promoting hydrometeor
fallout in the along-line direction. By t = t0 + 2�t, one
contiguous cold pool has formed, which promotes the
formation of an unbroken convective line along its entire
length. In the right column, the deep-layer shear vector
crosses the convection-initiating boundary at a relatively
large angle, which retards the formation of a single, large
cold pool and thus allows for the maintenance of relatively
discrete cells for a longer time period, assuming that the
initial convective development is somewhat discrete. The
severe weather threats posed by discrete cells versus a
line can differ tremendously (the former might be asso-
ciated with a greater tornado threat, whereas the latter
might be associated with a greater threat from damaging
straight-line winds). It follows that storm structure and
evolution (and the attendant hazards) depend on more
than just the hodograph and sounding, but also on exter-
nal factors such as the orientation of the vertical shear
vector with respect to the initiating boundary, as is the
case in the schematic above. Identical hodographs and
soundings can be associated with very different types of
weather. An additional complication not easily depicted
in the schematics above is that in strong shear, storm-
splitting and subsequent storm collisions can occur; for
example, when the deep-layer shear crosses the initiating
boundary at a very large angle (e.g., 90◦), upscale growth
also can result.
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Figure 9.3 Output from a numerical simulation of a squall line in an environment using the sounding and wind profile used
by Rotunno et al. (1988) (the sounding contains a little more than 2000 J kg−1 of CAPE and the unidirectional, westerly
wind shear of 10 m s−1 is confined to the lowest 2.5 km). The squall line is shown 2.5 h after its initiation. The convection
was initiated using a line of warm bubbles; small (0.1 K) random temperature perturbations were also added to the initial
warm bubbles. The microphysics parameterization includes ice. The zonal vertical cross-sections display the following
fields: (a) zonal wind u (m s−1; the system motion has been subtracted); (b) vertical velocity w (m s−1); (c) density
potential temperature perturbation θ ′

ρ (K); (d) total pressure perturbation p′ (Pa); (e) buoyancy pressure perturbation p′
b

(Pa); (f) dynamic pressure perturbation p′
d (Pa). The retrieved p′

b and p′
d fields are only known to within a constant (see

Section 2.5.3 and Figures 2.6–2.7). The cloud boundary (rain and hail region) is outlined with a solid (dotted) black line
in each panel. Note the multicellular nature (as evidenced by the multiple updraft maxima), the differences in the depth
and slope of the cold pool on the downshear (east) versus upshear (west) flanks, and the two major air streams (front to
rear and rear to front) comprising the line. Relative pressure minima and maxima are labeled with the letters ‘L’ and ‘H,’
respectively, in (d)–(f).
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Figure 9.3 Continued

MCSs tend to be more common at night. One possible
reason for the nocturnal maximum is the simple fact that,
at least for MCSs that develop from the gradual upscale
growth of initially isolated convective cells over several
hours, the initiation of the isolated convection usually does
not occur until the late afternoon or evening hours. Others
have linked the nocturnal maximum in MCS activity to
the nocturnal low-level wind maximum (Section 4.7). Of
course, daytime MCSs also can be observed, particularly
in the presence of strong forcing for convection initiation
(e.g., strong convergence along an air mass boundary) and
small CIN, as mentioned above.

MCSs are subclassified in a number of ways (Figure 9.4).
Squall lines or quasi-linear convective systems (QLCSs) are
MCSs that have a linear radar reflectivity appearance, as
the name suggests (Figure 9.1). Bow echoes, introduced
above, are arc-shaped or bowing radar reflectivity struc-
tures within squall lines. Sometimes an entire MCS is
bow shaped (Figure 9.5a), whereas in other cases the bow
echo is a decidedly sub-squall-line structure (Figure 9.5b).
Multiple bows embedded within a single line form a
line-echo wave pattern (LEWP; Figure 9.5b). Mesoscale
convective complexes are yet another subclassification of
MCSs; the classification requires that the anvil be fairly
circular (Figure 9.6), regardless of the radar appearance
(i.e., some squall lines can have sufficiently circular anvils
to be classified as MCCs as well).

MCSs can be observed over a wide range of vertical
wind shears. MCCs can occur in relatively weak-shear
environments (0–6 km shear ∼10 m s−1), in contrast to
environments that support bow echoes, which often contain

sufficient vertical wind shear for supercells (0–6 km shear
>20 m s−1, and occasionally even the 0–2 km shear exceeds
20 m s−1). CAPE values also have a wide range, often less
than 500 J kg−1 in cold-season squall line environments
accompanied by strong synoptic-scale dynamics, or in
excess of 5000 J kg−1 in some warm-season bow echo events.

MCSs

MCCs

squall 
lines

bow 
echoes

line-echo
wave patterns

Figure 9.4 Venn diagram of MCS subclassifications. The
position and overlap of the circles and ellipses only
indicates relationships among the subclassifications; the
sizes of the circles and ellipses should not be taken too
literally to infer the relative frequencies of the various
types of MCS. A small fraction of squall lines and bow
echoes is not classified as MCSs because their horizontal
length scale is less than 100 km.
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Figure 9.5 Examples of bow echoes. The radar reflectivity displays (dBZ) are from (a) Green Bay, WI, at 0313 UTC 12
June 2001 and (b) Fort Wayne, IN, at 2050 UTC 24 October 2001. Note the difference in the horizontal scales of the bow
echoes. Multiple bow echoes embedded within a single line, as in (b), form a line-echo wave pattern (LEWP).

Figure 9.6 Infrared satellite image of a mesoscale con-
vective complex (MCC) over Nebraska on 26 June 1997.
Note the fairly circular cirrus shield. Image courtesy of
the Cooperative Program for Operational Meteorology,
Education, and Training (COMET).

In the remainder of this chapter, our attention is devoted
to squall line structure and maintenance, bow echoes, which
have perhaps been the most studied squall line derivative
owing to their propensity for producing severe weather, and
MCCs, for which larger, meso-α-scale circulations play an
important role in maintenance.

9.2 Squall line structure
A conceptual model of a squall line is shown in Figure 9.7
(cf. Figures 9.1 and 9.3). The convective towers and most
intense radar echoes usually are confined to the leading edge
of the system, with a second, larger region of enhanced radar
reflectivity associated with a trailing stratiform precipitation
region commonly found to the rear of the convective line.4

The trailing stratiform region is separated from the leading
convective towers by a region of lesser reflectivity often
referred to as a transition region (Figures 9.1 and 9.7).
The squall line generalized in Figure 9.7 and appearing in
Figures 9.1 and 9.3 is that which occurs when the vertical
wind profile is dominated by line-normal rather than along-
line wind shear, and when the wind shear is largely confined
to low levels. There is some tendency for squall lines to
orient themselves normal to the low-level shear owing to

4 Stratiform precipitation is defined as in Section 5.1.7, that is, precip-
itation produced by upward vertical motions that are small compared
with the fall speed of ice crystals and snow.
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Figure 9.7 Conceptual model of a squall line with trailing stratiform area viewed in a vertical cross-section oriented
perpendicular to the convective line (cf. Figures 9.1 and 9.3). The green shading indicates the region of precipitation-sized
hydrometeors, i.e., where radar echo is present. The yellow and orange shading indicates more intense radar echoes.
Pressure minima and maxima are also indicated, as is the height of the melting level, which is located just above the
height at which a radar bright band is observed. (Adapted from Houze et al. [1989].)

the fact that the formation of new cells is more likely on the
downshear flank of the outflow, as discussed in Section 8.3.

For a squall line in an environment dominated by line-
normal, rear-to-front, low-level shear, hydrometeors are
deposited to the rear of the squall line by a front-to-rear
flow through the system (Figure 9.3). Low-level inflow
approaches the squall line from the front, is lifted to its
LFC by the gust front, and retains much of its front-to-rear
momentum as it ascends through the leading convec-
tive updraft, and after it has exited the leading updraft
(Figure 9.3a). After exiting the leading updraft, the front-
to-rear air stream sometimes descends over a short distance
within the transition region before ascending once again
within the trailing stratiform region (Figure 9.7). The ascent
of the front-to-rear air stream within the trailing stratiform
region is gradual, occurring over several tens of kilometers
and being associated with upward vertical velocities gener-
ally less than 0.5 m s−1. It is beneath this mesoscale updraft
that the trailing stratiform rain is observed.

The enhanced reflectivity in the trailing stratiform region
is a result of both a secondary maximum in precipitation
rate and the radar bright-band effect due to melting.5

The reason for the secondary maximum in precipitation
rate involves size-sorting of hydrometeors, such that the

5 Although radar observations of an MCS would not typically display a
360◦ ring surrounding the radar (see Figure A.16 in Section A.3 of the
appendix) unless the radar were situated within the trailing stratiform
region, much of the enhanced reflectivity in the trailing stratiform region
can still be attributed to the same bright-band effect.

hydrometeors with appreciable fall speeds (>5 m s−1)
descend near the updrafts within the leading convective
zone, whereas small, slowly falling ice particles are advected
rearward and through the mesoscale updraft. Within the
mesoscale updraft the ice particles grow via vapor deposi-
tion. The upward air motions are large enough to condense
significant amounts of water vapor but are sufficiently small
so that the ice particles can fall. The growth of the ice par-
ticles takes time, thus precipitation rates and reflectivity
are enhanced only well rearward of the leading convective
region, thereby contributing to the relative minimum in
precipitation rate and reflectivity in the transition region.

The environmental system-relative winds tend to be
front-to-rear at all levels in squall line environments dom-
inated by low-level wind shear, such as in the example
described above (Figure 9.8). However, the midtropo-
spheric environmental winds to the rear of the updrafts
experience significant accelerations as a result of the con-
vection, resulting in the development of rear-to-front flow,
or rear inflow, at midlevels (Figure 9.9; rear inflow is also
apparent in the simulation output shown in Figure 9.3a) as
a result of internal dynamical processes (to be discussed in
Section 9.4). The magnitude of the rear inflow, in general,
is related to the intensity of the squall lines, with the most
intense squall lines (which tend to form in environments
of large CAPE and low-level wind shear) having the most
intense rear inflow. The rear inflow gradually descends as
it approaches the leading edge of the squall line, and the
descent within this mesoscale downdraft is accompanied by
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Figure 9.8 Illustration of why front-to-rear system-
relative environmental winds are favored when the envi-
ronmental wind profile (solid blue line) is characterized
by unidirectional shear, with the shear largely confined
to low levels. The system motion (green vector), which is
the summation of downshear propagation (orange vector)
and cell motion (magenta vector) that is approximately
at the speed of the mean wind, results in front-to-rear
(east-to-west) system-relative winds (thin blue vectors).

adiabatic warming that reduces surface pressure hydrostat-
ically. In the wake of the squall line, this effect may be
larger than the pressure-increasing (hydrostatic) effect of
the rain-cooled air in the stratiform region; thus, a wake
low may be observed at the surface to the rear of the meso-
high found within the region of heaviest precipitation and
largest evaporative cooling rates (Figures 9.7 and 9.10).

In a translating squall line, the divergence center
is slightly behind the mesohigh center at the surface
(Figure 9.10). Similarly, the convergence center slightly lags
the wake low center at the surface. There are regions where
the flow is actually toward higher pressure. These oddities
result from translation of the pressure field and air parcels
being exposed to pressure gradients and accelerations for
only short periods of time (i.e., large isallobaric effects).
Compensating subsidence and its associated adiabatic
warming ahead of a squall line can result in hydrostatically
lowered pressure in the inflow of the convection
(Figure 9.10). It has been suggested that the low pressure
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Figure 9.9 Profiles of system-relative winds from sound-
ings taken to the rear of squall lines. (Adapted from Smull
and Houze [1987].)

in the inflow increases convergence, leading to a positive
feedback between the convection and low pressure.6 As
the convergence intensifies, the convection may intensify,
leading to increased compensating subsidence, increased
adiabatic warming, and increased hydrostatic pressure falls.

Although the majority of squall lines adhere to the con-
ceptual model described on the preceding pages, hereafter
referred to as trailing stratiform (TS) squall lines, squall line
environments frequently contain significant along-line or
rear-to-front wind shear in the middle to upper levels. These
squall lines must be treated somewhat differently than those
conceptualized in Figures 8.12b and 9.7. In such cases, the
bulk of the precipitation may not fall to the rear of the lead-
ing updraft. When the deep-layer shear has a strong rear-
to-front component, hydrometeors are deposited ahead of
the convective towers, leading to a leading stratiform (LS)
squall line (Figures 9.11b and 9.12a). When the deep-layer
shear has a strong along-line component, hydrometeors
are deposited in the direction parallel to the orientation of
the updrafts, leading to a parallel stratiform (PS) squall line
(Figures 9.11c and 9.12b). It is estimated that approximately
10–20% of squall lines are of the LS variety and 10–20%
are of the PS variety, whereas 60–80% of squall lines are
the TS type.7

6 See Hoxit et al. (1976) and Fritsch and Chappell (1980).
7 See Parker and Johnson (2000).
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Figure 9.10 Schematic surface pressure, wind, and precipitation fields during the mature stage of a squall line. Arrows
indicate actual (as opposed to system-relative) winds. (Adapted from Johnson and Hamilton [1988].)

It is tempting to think that squall lines with parallel,
and especially leading stratiform precipitation, would be
difficult to maintain because their precipitation falls into
their own inflow. However, although the low-level inflow
does tend to be latently cooled in LS systems, and to a
lesser degree in PS systems, the atmosphere is not stabilized
because the low-level cooling is matched by latent cooling
aloft as well. In fact, the midlevel and low-level evaporation,
melting, and sublimation of hydrometeors falling ahead of
the line of updrafts in a squall line has actually been
shown to destabilize the atmosphere ahead of the line,
thereby actually promoting the maintenance of the lines
rather than fostering their demise.8 In some LS systems, the
inflow at low levels is actually from the rear to the front.9

In these cases, the precipitation does not fall into the inflow
at all.

The structure of the updraft region of squall lines is
known to vary considerably as well. Although line implies
a fair degree of two-dimensionality, and indeed many
squall line radar presentations do suggest an unbroken,

8 See Parker and Johnson (2004b, 2004c).
9 A much publicized example was the MCS that led to the severe flooding
in Johnstown, PA, on 19–20 July 1977 (Bosart and Sanders, 1981; Zhang
and Fritsch 1986, 1987, 1988).

quasi-two-dimensional updraft region (e.g., Figure 9.13a),
some squall lines have updraft regions that display signif-
icant three-dimensionality (e.g., Figure 9.13b). The three-
dimensionality tends to be found a few kilometers above
the ground at altitudes well above the top of the gust front
(the gust front updraft tends to be contiguous even in cases
when the midlevel draft structure is more cellular). Slab-like
(i.e., quasi-two-dimensional) versus cellular (i.e., three-
dimensional) updraft regions in squall lines seem to depend,
in part, on the environmental relative humidity. Relatively
dry low-level environments favor strong cold-pool develop-
ment, leading to upshear-tilted, slab-like convection (the
relationship between tilt and cold-pool strength will be
discussed in detail in the next section). Conversely, high rel-
ative humidity in the environment at low levels leads to weak
cold pools and downshear-tilted convective systems, with
primarily cell-scale three-dimensionality in the convective
region. The presence of two- versus three-dimensional
squall line updraft structure also seems to have some sen-
sitivity to the depth and magnitude of moist absolutely
unstable layers (MAULs)10 that commonly form ahead of
squall lines as a result of intense lifting (the forced lifting by
vertical perturbation pressure gradients is strong enough to

10 See Bryan and Fritsch (2000).
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Figure 9.11 Schematic reflectivity drawing of idealized
life cycles for three linear MCS archetypes: (a) TS, (b) LS,
and (c) PS. Approximate time intervals between phases:
for TS 3–4 h; for LS 2–3 h; for PS 2–3 h. Levels of color
shading roughly correspond to 20, 40, and 50 dBZ. (From
Parker and Johnson [2000].)

maintain the MAULs, even though one might surmise that
the layers would tend to overturn quickly at the expense
of the unstable stratification that results from the lifting).11

The presence of a prominent MAUL has been found to be
associated with an updraft structure that is more slab-like
than cellular.

9.3 Squall line maintenance
One of the most often cited and debated theories related
to convective storms is what is referred to as RKW theory,
which is attributed to the study of squall line maintenance
by R. Rotunno, J. Klemp, and M. Weisman.12 RKW theory
postulates that the mechanism for maintaining a long-lived
squall line is a balance between the horizontal vorticity
produced by the buoyancy gradient across the gust front and
the horizontal vorticity associated with the environmental
low-level vertical wind shear.

Recall (5.41), which was obtained in deriving the speed
of a density current (the reader may wish to revisit Section

11 MAULs require the lifting of a potentially unstable layer, i.e., a layer
in which ∂θe/∂z < 0 (Section 3.1.3). Vertical profiles of θe such that
θe decreases with height are typical of the environments of DMC,
particularly in the central United States, where moist boundary layers
tend to be capped by dry, low-θe elevated mixed layers.
12 See Rotunno et al. (1988).

(a) (b)

Figure 9.12 Composited radar reflectivity imagery illustrating (a) an LS MCS and (b) a PS MCS. (From Parker and Johnson
[2000].)



254 MESOSCALE CONVECTIVE SYSTEMS

20 50 dBZ4030–10 30

1258 UTC 22 January 1998

100 km 100 km

(a) (b)

1326 UTC 22 April 1996

50 dBZ40200 10 –10 0  10

Figure 9.13 Radar reflectivity images of mesoscale convective systems characterized by (a) a slab-like, virtually unbroken
line of updraft and high reflectivity (1258 UTC 22 January 1998; Mobile, AL, radar), and (b) a leading portion composed
of discrete, cellular reflectivity elements (1326 UTC 22 April 1996, Memphis, TN, radar). (Adapted from Bryan and Fritsch
[2000].)

5.3; also refer to Figures 5.29 and 5.30):
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The winds relative to the density current at the top right,
bottom right, top left, and bottom left corners of a control
volume that encapsulates the leading portion of the density
current are uR,d, uR,0, uL,d, and uL,0, respectively. The
above relationship among the wind speeds in the corners
of the control volume was obtained by integrating the
inviscid, Boussinesq horizontal vorticity equation over a
control volume in the x-z plane and assuming a steady
state. An expression for the speed of a density current
was obtained by judiciously placing the boundaries of the
control volume in locations where assumptions could be
made about the relationships among uR,d, uR,0, uL,d, and
uL,0 (e.g., the placement of the boundaries of the control
volume allowed us to assume that uL,0 = 0, uL,d = uR,d,
and

∫ R
L (wη)d dx = 0).

In deriving the speed of a density current (5.45), we
assumed that there was no wind shear in the environment

ahead of the density current (i.e., uR,d = uR,0). On the
other hand, in the environments of long-lived convective
systems, there is virtually always significant wind shear in
the environment (i.e., uR,d �= uR,0). In the absence of an
evaporatively driven cold pool (the melting and sublima-
tion of ice also contribute to the cold pool), such as early in
the lifecycle of a cumulonimbus cloud, environmental shear
tilts an updraft in the downshear direction (Figure 9.14c).
In the absence of environmental wind shear, the develop-
ment of an evaporatively driven cold pool tilts the updraft
rearward over the cold pool (Figure 9.14b). In the presence
of both environmental shear and an evaporatively driven
cold pool, a balanced state may exist such that the lifting by
the cold pool is nearly upright (Figure 9.14d).

RKW theory presupposes that squall line intensity and
longevity are a function of updraft tilt. Updrafts that are
significantly tilted away from the vertical tend to have
their buoyancy reduced more by entrainment compared
with an erect updraft, resulting in a weaker overall system
(Figure 9.15). Moreover, increasing updraft tilt is associated
with an increasing adverse vertical gradient of perturbation
pressure due to buoyancy (∂p′

b/∂z).13 In other words, for a

13 The authors thank M. Parker for pointing out this aspect of RKW
theory.
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Figure 9.14 Schematic diagram showing how a buoyant updraft may be influenced by environmental wind shear and/or
a cold pool. (a) With no environmental shear and no cold pool, the axis of the updraft produced by the thermally created,
symmetric vorticity distribution is vertical. (b) With a cold pool, the distribution is biased by the negative vorticity of
the underlying cold pool, causing the updraft to tilt over the cold pool. (c) With environmental shear and no cold cool,
the distribution is biased toward positive vorticity, causing the updraft to lean downshear. (d) With both a cold pool and
shear, the two effects may negate each other and promote an erect updraft. (Adapted from Rotunno et al. [1988].)

given positive buoyancy, the downward-directed buoyancy
pressure gradient force increases as an updraft becomes
more tilted, thereby resulting in a smaller upward accelera-
tion (Figure 9.16). The aspect ratio (depth divided by width)
of the buoyant region is minimized when the buoyant col-
umn is tilted into the horizontal. Recall from Section 3.1
(also see Figure 3.1) that the vertical acceleration for a
given buoyancy decreases as the aspect ratio decreases. The
hydrostatic limit (dw/dt = 0) is reached as the aspect ratio
vanishes.

RKW theory proposes a relationship among the variables
in (9.1) that must exist if an updraft is to be upright along
the gust front. RKW theory assumes that such an updraft is
necessary for a long-lived squall line.14 With regard to the
control volume variables, because uR,d �= uR,0, the control
volume must be defined slightly differently than was done

14 RKW theory also has been found to account for differences in the
structure and intensity of simulated narrow cold frontal rainbands, such
that the maintenance and tilt of the rainband’s updraft are determined
by a balance between the wind shear in the pre-frontal air mass and
the circulation driven by the cold front rather than convective outflow
(Parsons, 1992).

in the derivation of the speed of a density current in a
shear-free environment given by (5.45).

Figure 9.17 shows output from the simulation of a
density current in which strong westerly shear is encoun-
tered by an eastward-moving density current, such that
an intense, erect updraft is present along the leading edge
of the density current. Notice that at an altitude slightly
above the altitude of the mean density current depth, at
least at some x locations, there exist locations where both
uR,d ≈ 0 and uL,d ≈ 0. We may cleverly place the top of the
control volume at this altitude (note that this is a signifi-
cantly lower altitude than in Figure 5.30). Furthermore, let
us assume that the stagnation condition exists within the
density current at the left boundary of the control volume
(i.e., uL,0 ≈ 0). Finally, if we assume a priori that an erect
updraft is present along the leading edge of the gust front
(after all, we are seeking to find the relationship among
uR,d, uR,0, etc. that is associated with the presence of an
erect updraft), then

∫ R
L (wη)d dx = 0 because the flux of

positive horizontal vorticity through the top of the control
volume is exactly canceled by the flux of negative horizontal
vorticity (Figure 9.18). There is no net flux of horizontal
vorticity through the top of the control volume in the case
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Figure 9.15 Characteristic updraft trajectories and potential temperature perturbations along the trajectories in numerical
simulations of a squall line in (a) moderate (15 m s−1) low-level wind shear and (b) strong (25 m s−1) low-level wind
shear. Each trajectory originates at 350 m above the surface and about 10 km ahead of the cold pool (blue shading) and is
traced for 60 min. The height of each trajectory is indicated in parentheses at 30-min intervals. Numerals in parentheses
at 30-min intervals along the potential temperature perturbation traces indicate potential temperatures. Note how the
trajectories are more steeply sloped in the strong-shear simulation than in the moderate-shear simulation, and that less
buoyancy dilution has occurred along the trajectories in the strong-shear simulation compared with the moderate-shear
simulation. (Adapted from Weisman [1992].)

of an erect updraft, but for tilted updrafts there is a nonzero
net flux of horizontal vorticity.

Setting uL,d = uR,d = uL,0 = ∫ R
L (wη)d dx = 0 in (9.1)

yields

0 = u2
R,0

2
+

∫ H

0
BL dz; (9.2)

thus,

u2
R,0 = −2

∫ H

0
BL dz = c2 (9.3)

uR,0 = −c, (9.4)

where c is the strength of the cold-pool circulation. The
reason for taking the negative root in (9.4) will be apparent
below. Because uR,d = 0, (9.4) can be written as

�u = c, (9.5)

where �u = uR,d − uR,0 is the magnitude of the vertical
shear over the depth of the control volume, which is a bit

greater than the mean depth of the density current. RKW
theory refers to the condition given by (9.5) as the optimal
condition for squall line longevity. Physically, it implies
that an erect gust front updraft will be present when the
horizontal vorticity associated with the environmental wind
shear is equal and opposite the horizontal vorticity that is
baroclinically generated by the horizontal density gradient
along the leading edge of the outflow. If we had chosen the
positive root in (9.4), then we would have selected the case
in which the vorticity associated with the environmental
shear is the same sign and magnitude as the baroclinic
vorticity in the outflow; that is, the vorticity associated with
the environmental shear would have the wrong sign for
balancing the vorticity in the outflow (e.g., Figure 5.31c).
Moreover, the positive root in (9.4) corresponds to the case
of w(x, d) = 0, that is, the degenerate case of no vorticity
flux anywhere through the top of the control volume.

When c < �u, the gust front updraft tilts downshear
(downshear is with respect to the environmental shear).
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Figure 9.16 The relationship among the tilt of a buoyant column, the buoyancy perturbation pressure field (p′
b), vertical

acceleration (dw/dt), and total acceleration (dv/dt). (a) Buoyancy (shaded) and buoyancy perturbation pressure (contours
every 20 Pa) fields associated with an upright column of warm air. (b) Vertical acceleration (shaded) and total acceleration
(vectors) for the buoyant column shown in (a). (c), (d) As in (a), (b), but the region of positive buoyancy is tilted. The
maximum buoyancy in (c) is the same as in (a), but the downward-directed gradient of p′

b is larger within the buoyant
column, resulting in a smaller vertical acceleration in (d) compared with (b). Courtesy of Matt Parker.

When c >�u, the gust front updraft tilts upshear (i.e.,
rearward over the cold pool). The shear �u is perhaps
most appropriately measured over approximately the low-
est 2.5 km, which corresponds to the depth of the control
volume used to obtain (9.5), although it would be foolish
to define the depth over which �u is computed very rigidly
[this is one difficulty in applying (9.5) in a forecasting
setting—it is not clear that the 0–2.5 km shear is generally
more appropriate to use than, for example, the 0–2.0 km or
0–3.0 km shear]. For most thunderstorm outflows, RKW
theory implies an optimal shear of 17–25 m s−1. Note that

�u is the line-normal shear; thus, one must know the squall
line orientation in order to evaluate c/�u properly. Another
complication in determining the optimal condition is that
c is not generally a constant in time (Figure 9.19a). As a
convective system matures, c typically increases owing to a
deepening of the cold pool and the development of a more
extensive trailing precipitation region. Thus, environmen-
tal shear that is optimal early in the life of a squall line may
very well become suboptimal as the squall line matures,
leading to a progressively more rearward-tilting updraft as
time goes on. The rearward tilt of a buoyant updraft is
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Figure 9.17 Numerical simulation of an eastward-moving density current in an environment containing westerly vertical
wind shear such that the circulation associated with the environmental shear approximately balances the circulation
associated with the density current (i.e., the environment approximately satisfies RKW theory’s optimal state). The result
is an erect updraft along the leading edge of the density current. The control volume considered in the derivation of the
optimal shear is overlaid in red. Potential temperature perturbations are contoured at 1◦C intervals within the cold pool
starting at −1◦C. Wind vectors are relative to the density current (Uc ≈ 8 m s−1). The model domain extends to 10 km;
only the lowest 5 km of the model domain are shown.

precisely what generates rear inflow and can lead to bow
echoes when the system is not strictly 2-D (Section 9.4).

As an alternative to the RKW vorticity argument, the
tilt of the gust front updraft, which is determined by the
trajectories of rising air parcels, can be explained in terms
of the horizontal accelerations experienced by the rising
parcels. The horizontal acceleration experienced by a rising
parcel, and thus the trajectory of the parcel, is principally
governed by the horizontal gradients of the linear dynamic
perturbation pressure, p′

dl, and the buoyancy perturbation
pressure, p′

b (the nonlinear contribution to the dynamic
perturbation pressure field, p′

dnl, does not tend to have a
significant horizontal gradient across the updraft). In the
case of an air parcel approaching a gust front from the
east in an environment containing westerly low-level shear,
the parcel is initially slowed and deflected upward by what
is largely a p′

dnl excess associated with the convergence at
the gust front (recall from Section 2.5 that convergence
is associated with nonlinear rather than linear dynamic
perturbation pressure; this pressure excess is also appar-
ent in the total dynamic perturbation pressure [p′

d] field of
the density current simulation output shown in Figure 2.6).
Once the parcel has begun rising, its horizontal acceleration
is primarily influenced by the horizontal gradients of p′

dl
and p′

b. Because relatively high (low) p′
dl is found upshear

(downshear) of the updraft core, the rising parcel experi-
ences a downshear-directed horizontal gradient of p′

dl. On
the other hand, a relative minimum in p′

b is present along the
top of the cold pool where ∂B/∂z > 0 (p′

b ∝ −∂B/∂z); thus,
the rising parcel experiences an upshear-directed horizontal
gradient of p′

b. The relative strengths of the two competing
accelerations determine whether the parcel experiences a
net rearward or forward acceleration as it ascends. The for-
ward acceleration increases with increasing westerly shear,

and the rearward acceleration increases with increasing
cold-pool strength (∂B/∂z increases with the strength of
the cold pool). Updraft trajectories are vertical when the
two competing horizontal accelerations cancel each other.

RKW theory has been the subject of some controversy,15

in large part because climatologies of the environments
associated with severe straight-line winds show that the
environments tend to have wind shears significantly weaker
than required by RKW theory’s optimal condition (see, e.g.,
Figure 9.20). There are several possibilities for the discrep-
ancy. One possibility that has been argued is that the
optimal condition need not be met in order for severe
weather to occur; however, one might then question the
practical forecasting utility of evaluating whether the opti-
mal condition is actually met. Another possibility is that
the occurrence of severe straight-line winds in a squall line
is not a reliable indication that the squall line has an erect
updraft. Squall lines that produce damaging winds generally
might be suboptimal from the perspective of RKW theory.
A significant upshear tilt is, in fact, observed in many severe
squall lines. For example, the development of an upshear
tilt is important in the formation of bow echoes (discussed
in the next section), which are responsible for the most
extreme high-wind events. These systems develop a strong
rear-inflow jet, which further alters the vorticity balance by
countering part of the cold-pool circulation.

It is also not clear whether severity should be defined
by the strength of the surface winds or the maximum
updraft speed; the strength of the surface winds, which are
responsible for wind damage, are not well correlated with

15 See Coniglio and Stensrud (2001), Evans and Doswell (2001), Coniglio
et al. (2004, 2006), Weisman and Rotunno (2004, 2005), and Stensrud
et al. (2005).
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Figure 9.18 Schematic showing the relationships between the net flux of horizontal vorticity through the top of the
control volume,

∫ R
L (wη)d dx, and updraft tilt. (a) The cold-pool horizontal vorticity (defined to be negative) dominates

the horizontal vorticity associated with the mean low-level shear (defined to be positive); air lifted by the cold pool is
accelerated rearward and exits the top of the control volume at an angle, and there is a net flux of negative vorticity
through the top of the volume. (b) The cold-pool horizontal vorticity balances the horizontal vorticity associated with
the mean low-level shear; the updraft at the leading edge of the cold pool is not tilted and there is no net flux of
vorticity through the top of the volume. (c) The horizontal vorticity associated with the mean low-level shear dominates
the cold-pool horizontal vorticity; air lifted by the cold pool is accelerated forward and exits the top of the control volume
at an angle, and there is a net flux of positive vorticity through the top of the volume.
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Figure 9.19 Time series of (a) c/�u and (b) maximum midlevel rear inflow strength in a pair of numerical simulations of
squall lines in which the environment has relatively weak (15 m s−1) low-level wind shear and relatively strong (25 m s−1)
low-level wind shear. (Adapted from Weisman [1992].)



260 MESOSCALE CONVECTIVE SYSTEMS

40

35

30

25

20

15

10

5

0
0–2 km
shear

sh
ea

r 
(m

 s
–1

)

0–3 km
shear

0–6 km
shear

30.0

16.0

8.0

3.0
1.0

15.0

8.0

24.0

11.8

20.0

15.0

1.0

36.0

Figure 9.20 Box-and-whiskers plots of 0–2 km, 0–3 km,
and 0–6 km shear vector magnitudes in environments
associated with extreme convective windstorms (environ-
ments that evidently supported long-lived MCSs). Most
of the distributions of shear magnitudes are significantly
less than the optimal shear predicted by RKW theory
for typical cold-pool strengths (∼20 m s−1 in the lowest
2.5 km). (Adapted from Evans and Doswell [2001].)

updraft speed. The severity of straight-line winds within
squall lines is much better correlated with the forward
speed of the squall line. The forward speed of the convective
system is maximized when advection of cells by the mean
wind and the system propagation are aligned, which is
favored when the mean wind is large and aligned with the
environmental shear.16

Another likely reason for the discrepancy between the
observations of severe winds in squall lines and the wind
shears characterizing these environments is that RKW the-
ory only strictly applies to the tilt of the gust front updraft.
The overall tilt of the updraft, which typically extends to the
tropopause, depends on more than the interaction of the
outflow with the environmental low-level shear. Stated
another way, there is much more to the overall charac-
teristics of a squall line than just the gust front updraft.
The gust front updraft is certainly part of the story, but
the larger-scale structure and evolution of a squall line
also is very likely to depend on the magnitude and ori-
entation of mid- and upper-tropospheric vertical wind
shear (i.e., dynamical effects occurring well above the con-
trol volume depicted in Figure 9.17).17 Strong mid- and
upper-tropospheric wind shear directed from rear to front

16 Cohen et al. (2007) found that severe, long-lived MCSs are fast moving
and are favored over slower-moving, nonsevere MCSs when both the
deep-layer shear vector and the mean deep-layer wind are large and
nearly parallel.
17 See Coniglio et al. (2006).

accelerates parcels downshear (i.e., forward) in mid- to
upper levels, and can therefore prevent an updraft from
being severely tilted over its own outflow in the event that
the low-level shear is overwhelmed by the circulation of
the cold pool. The effects of mid- and upper-tropospheric
wind shear can also be understood in terms of vorticity
(Figure 9.21). We do not wish to mislead the reader into
thinking that the characteristics of the environmental wind
profile alone, even when considered over a deep layer, are
sufficient to account for all aspects of squall line struc-
ture, or even just the tilt of the system. For example, in
the case of a rearward- or upshear-leaning updraft, addi-
tional rearward accelerations in mid- to upper levels can be
driven by a rearward-directed buoyancy pressure gradient
(Figure 9.3e).

Although RKW theory improved our understanding
of the interaction of density currents with ambient wind
shear (little work had been done in that area at the time),
RKW theory probably places too much emphasis on the
importance of the tilt of the gust front updraft in attempting
to explain squall line longevity. If the dome of isentropes
associated with the cold pool is sufficiently deep to lift air to
its LFC, RKW theory becomes irrelevant to the longevity of
a squall line. Perhaps RKW theory is more applicable to the
issue of convection initiation than convection maintenance,
for the convection initiation problem—in other words,
getting air parcels to their LFC—is largely confined to low
levels where the tilt of a low-level updraft (along an air mass
boundary like a dryline, for instance) might assume a much
larger relative importance than in the case of a mature
convective system that spans the depth of the troposphere.

9.4 Rear inflow and bow echoes
As discussed in Section 9.2, rear inflow is a very common, if
not virtually ubiquitous, trait of TS squall lines (Figures 9.3a
and 9.7), despite the fact that the system-relative environ-
mental wind in squall lines is usually from front to rear
at midlevels (Figure 9.8). This suggests a tendency for
squall lines to induce system-scale, midlevel, rear-to-front
accelerations. Such accelerations occur when updrafts tilt
rearward over their cold pools.

Recall that the development of a rearward tilt in time
is a somewhat natural evolution of a squall line, because
c typically increases in time as squall lines mature and
cold pools deepen (Figure 9.19). A rearward-tilting updraft
induces a midlevel pressure minimum above the cold pool
largely as a result of hydrostatics (Figure 9.22). The pressure
minimum also can be viewed as a reflection of the vertical
buoyancy gradient (∂B/∂z) term in the pressure equations
given by (2.134) and (8.24); relatively low pressure is found
where ∂B/∂z > 0 (Figure 9.3c–e). The elevated pressure
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Figure 9.21 Environmental shear over a deep layer (�udeep) can prevent an updraft from being severely tilted over its
own outflow in the event that the low-level shear (�u) is overwhelmed by the circulation of the cold pool. Rising air parcels
are accelerated downshear by the linear dynamic perturbation pressure field; shear present above the cold pool also affects
the trajectories of rising air parcels. The effects of the shear also can be understood in terms of vorticity, as illustrated
above. (a) The environmental low-level shear is relatively weak (the magnitude of the environmental horizontal vorticity
is proportional to the size of the curved arrows) and no environmental shear is present above the cold pool. The horizontal
vorticity of the cold pool dominates the horizontal vorticity of the approaching air parcels; therefore, the air parcels are
accelerated rearward over the cold pool (the parcel trajectory is indicated with the red arrow). (b) The environmental
low-level shear is weak, but significant deep-layer shear is present. The sum of the horizontal vorticity associated with the
low-level shear and deep-layer shear is comparable to the horizontal vorticity of the cold pool, resulting in a more vertical
updraft. (c) Shear is absent above the cold pool but strong low-level shear and associated horizontal vorticity in the
environment balance the horizontal vorticity of the cold pool, leading to an upright updraft; this is RKW theory’s optimal
state. (d) Strong low-level environmental shear is present and associated with horizontal vorticity that would otherwise
be balanced by the horizontal vorticity of the cold pool, but environmental shear above the cold pool is directed rearward
over the cold pool. Air parcels are accelerated rearward over the cold pool upon encountering the rearward-directed
shear. (Adapted from an image provided by the Cooperative Program for Operational Meteorology, Education, and Training
[COMET].)

minimum accelerates air into the convective system from
the rear (Figure 9.19b). The magnitude of the elevated
pressure deficit, and thus the strength of the rear inflow,
increase with increasing CAPE.

The rear-to-front acceleration also can be explained
using vorticity arguments. The rear portion of the cold
pool induces a vertical circulation that acts to accelerate air
up and over the rear portion of the cold pool. Once the
updraft tilts rearward over the cold pool, the aforemen-
tioned cold-pool-induced acceleration is augmented by the
circulation induced along the rear flank of the buoyant
updraft (Figure 9.22).

The formation of these rear-inflow jets also has been
invoked to explain how upshear-tilted, suboptimal squall
lines reestablish an erect gust front updraft (Figure 9.23).
In the absence of a rear-inflow jet, RKW theory predicts
an erect gust front updraft when c matches �u. Over
time, c exceeds �u, thereby promoting the upshear tilt
and acceleration of rear inflow discussed above. However,

the horizontal vorticity associated with the rear-inflow jet,
when added to the horizontal vorticity associated with the
environmental shear, �u, may permit a new balance to
exist (Figure 9.23), such that

�u2 + �u2
j = c2, (9.6)

where �uj is the wind shear associated with the rear-inflow
jet. Equation (9.6) comes from allowing uL,d and uL,0 in
(9.1) to be nonzero, where

�u2
j = u2

L,d − u2
L,0. (9.7)

When the system has ends (i.e., is not purely
two-dimensional), a bow echo may form, in which a
couplet of vertical vorticity straddles the rear-inflow jet,
with the most intense vorticity concentrated in bookend
vortices (Figures 9.24–9.26). In a mature bow echo,
bookend vortices are the result of vortex lines being
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Figure 9.22 Illustration of how a tilted updraft induces midlevel rear inflow in an (a) high-CAPE and (b) low-CAPE
environment. The low pressure is largely a consequence of hydrostatics, which also implies that the magnitude of the
midlevel pressure deficit, and thus the rear inflow, increase as the updraft buoyancy (a function of environmental CAPE)
increases. Purple arrows indicate the senses of the horizontal vorticity at various locations. Soundings are schematically
presented along the right-hand side of each panel. (Adapted from an image provided by the Cooperative Program for
Operational Meteorology, Education, and Training [COMET].)
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Figure 9.23 Four stages in the evolution of an idealized bow echo. (a) An initial updraft leans downshear in response to
the environmental vertical wind shear, which is shown on the right. (b) The circulation generated by the storm-induced
cold pool balances the horizontal vorticity associated with the environmental shear, and the system becomes upright.
(c) The cold-pool circulation overwhelms the horizontal vorticity associated with the environmental shear, and the system
tilts upshear, producing a rear-inflow jet. (d) A new steady state is achieved such that the circulation of the cold pool is
balanced by both the horizontal vorticity associated with the environmental shear and the elevated rear-inflow jet. The
updraft current is denoted by the red arrow, and the rear-inflow current in (c) and (d) is denoted by the dashed blue
arrow. The purple arrows depict the most significant sources of horizontal vorticity, which either are associated with the
environmental shear or are generated within the convective system. Regions of rainfall are indicated by the green vertical
lines. (Adapted from Weisman [1993].)
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Figure 9.25 (a) Reflectivity factor and (b) radial velocity from the Paducah, KY, radar at 1848 UTC 5 May 1996, showing
a mature bow echo. The rear inflow is rather obvious in the velocity imagery. Broad arrows in (b) indicate the sense of
rotation associated with the bookend vortices (note that the radial velocities are ground relative, however). A smaller-scale
vortex is also evident at the northern end of the bow echo in both the reflectivity and velocity data.
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Figure 9.26 Pseudo-dual-Doppler analysis of a bow echo observed by a pair of airborne Doppler radars at 0540 UTC on
10 June 2003 during the Bow Echo and MCV Experiment (BAMEX). The wind vectors are system relative. The aircraft flight
tracks are indicated with the white and black bold lines. (Adapted from Davis et al. [2004].)

generated baroclinically in the cold pool of the squall
line and subsequently being drawn upward by the leading
updraft, which yields counter-rotating line-end vortices
(Figure 9.27). (When environmental horizontal vorticity
is large, tilting of environmental vortex lines, rather than
vortex lines generated in the cold pool, can dominate
the production of vertical vorticity early in the system’s
lifetime, and even at later times in strong cells near the
ends of convective lines in the same way that supercell
thunderstorm updrafts acquire vertical vorticity.) The
bookend vortices enhance the rear-inflow jet and initiate
the bowing process. At early stages in their evolution, the
cyclonic and anticyclonic bookend vortices are of similar
strengths. After several hours, by which time the accumu-
lated effect of the Coriolis force has become significant, the
cyclonic vortex usually dominates, giving the convective
system a comma-shaped appearance (Figure 9.24).

As mentioned in Section 9.1, bow echoes can have a
wide range of horizontal scales, ranging from 20 to 200 km

in the along-line dimension (Figures 9.5, 9.25, and 9.26).
Damaging winds are often found near the apex of the bow,
particularly when a rear-inflow jet descends to the surface
(Figure 9.24). Many rear-inflow jets remain elevated, how-
ever, and are not associated with such destructive surface
winds. The differences between bow echoes in which severe
winds reach the surface and those that are not associated
with severe surface winds are an active area of research
today. Meso-γ -scale vortices along the gust front also seem
to play an important role in the development of localized
damaging winds within bow echoes and MCSs in general.
Additional aspects of damaging, nontornadic winds in
squall lines are presented in Chapter 10.

Bow echo environments tend to have larger CAPE and
low-level shear than ordinary squall line environments.
The environments of the most prolific severe-weather-
producing bow echoes occasionally have CAPE in excess
of 5000 J kg−1 and 0–2 km shear (and 0–6 km shear as
well) as large as 25 m s−1. It may not be entirely obvious
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Figure 9.27 Vortex-line structure in a numerical simu-
lation of a quasi-linear convective system with line-end
vortices. The vortex lines are denoted by the thick solid
lines, with the direction of the vorticity vector indicated
by the arrow heads. Vectors denote the surface wind flow.
The surface cold pool (potential temperature perturba-
tions less than −1 K) is shaded blue. (Adapted from
Weisman and Davis [1998].)

why large shear would favor bow echoes, especially since
bow echoes form after convection begins to tilt rearward,
and the rearward tilt requires c/�u > 1 in the context of
RKW theory. It seems that the shear creates a zone of
preferred lifting in the downshear direction, leading to a
focused area of updraft necessary for tilting the vortex lines
into arches. In addition, greater vertical shear is associated
with increased midlevel updraft buoyancy by promoting
an erect updraft and therefore less buoyancy reduction
via entrainment (Figure 9.15), thus leading to a larger
midlevel pressure deficit as the updraft is eventually tilted
rearward (presumably the rearward tilting takes longer in
a strong-shear environment compared with a weak-shear
environment). In other words, strong shear might delay
the onset of rear inflow development, but strong shear
may make rear inflow more intense when it finally does
develop. Another possibility is that a strong cold pool is
nearly unavoidable in such large-CAPE environments, so
strong shear might be needed to balance the strong cold-
pool circulation in order to maintain strong, deep lifting
along the leading edge.

Given that bow echo and supercell environments are
both characterized by strong shear,18 it is not entirely
surprising that bow echoes can also evolve from super-
cells, specifically HP supercells. The differences in whether
one strong-shear environment spawns mainly supercells

18 See Doswell and Evans (2003).

versus another spawning a bow echo may lie in the
subtleties of the initiation mechanism, cell interactions,
or higher-order details of the environment, for example the
vertical distribution of CAPE and shear, midlevel relative
humidity, etc.

As is probably evident from the presentation above, most
bow echo research has investigated the favorable ranges of
CAPE and wind shear. Bow echo formation almost certainly
depends on other aspects of the environment as well. For
example, bow echo formation in numerical simulations is
sensitive to small changes in the low-level relative humidity
of the environment. As discussed in Section 9.1, the charac-
teristics of the gust front lifting along a convective line are
sensitive to the environmental low-level relative humidity,
such that quasi-two-dimensional, slab-like lifting is favored
in relatively dry conditions and three-dimensional, cellu-
lar structures are favored in relatively moist conditions.
Numerically simulated bow echoes occur in an intermedi-
ate low-level moisture regime, and it is somewhat troubling
that relative humidity changes corresponding to water
vapor mixing ratio modifications of only a couple of grams
per kilogram are sufficient to go from the slab regime to the
cellular regime.19 It is not easy to evaluate whether actual
squall line formation is this sensitive to the environmental
humidity, but the sensitivity in simulations might account
for some of the difficulty in forecasting bow development
in real time.

9.5 Mesoscale convective complexes
Mesoscale convective complexes (MCCs) are a subset of
MCSs that are defined by the characteristics of their anvils.
MCCs exhibit a large, circular, long-lived, cold cloud shield
(Figure 9.6).20 Beneath the nearly circular cirrus canopy,
the organization of the convection may be much more
linear in terms of its radar appearance. Thus, many squall
lines and bow echoes can also be classified as MCCs (and
therefore MCCs also tend to have rear inflow, a mesohigh,
a wake low, etc.).

MCC structure and evolution are probably more depen-
dent on the synoptic-scale pattern than other types of MCS.
Synoptic weather patterns that favor MCCs usually feature
broad middle- and upper-tropospheric ridging; MCCs are

19 See James et al. (2006).
20 MCCs are rather strictly defined in terms of the characteristics of
their cloud shields. The cloud shield with infrared temperature ≤−32◦C
must have an area ≥105 km2, and the interior cold cloud region with
temperature ≤−52◦C must have an area ≥5 × 104 km2. The size criteria
must be met for a period ≥6 h. Moreover, the eccentricity (minor axis
divided by major axis) of the anvil must be ≥0.7 at the time of maximum
extent. The reader is referred to Maddox et al. (1986) for additional
details.



266 MESOSCALE CONVECTIVE SYSTEMS

v C
L

– 
v L

L
J

v
MBE

T

T + ΔT

T + 2ΔT

Figure 9.28 Conceptual model of MBE movement (vMBE;
green) within an MCC (assuming it is a Type 1 MCC) as
the vector sum of the mean flow in the cloud layer
(vCL; magenta) and the propagation component (vPROP;
orange). The magnitude and direction of vPROP are
assumed to be equal and opposite to those of the low-level
jet (vLLJ). The isotherms (black dashed contours) display
mean temperature in the 850–300 mb layer. (Adapted
from Corfidi et al. [1996].)

prone to develop when a short-wave trough moves through
the longer-wavelength ridge, although the large-scale ascent
that precedes MCC development tends to be primarily a
reflection of strong low-level warm advection rather than
differential cyclonic vorticity advection.21 There is proba-
bly an even greater nocturnal bias of MCC activity than
the nocturnal bias for MCSs in general. MCCs tend to be
initiated on the cold side of synoptic fronts and draw their
inflow from above the stable nocturnal boundary layer,
especially if a low-level jet (whether it takes the form of the
nocturnal low-level wind maximum or whether it is asso-
ciated with the synoptic-scale pressure gradient, or both)

21 See Maddox and Doswell (1982).

overruns a front; that is, MCCs can usually be regarded as
Type 1 MCSs. Initiation also tends to be near sunset, when
the low-level jet begins its nighttime acceleration. Middle
and upper tropospheric winds are often relatively weak;
in these situations, MCC movement is slow and the flash
flood threat is high.

The motion of MCCs (assuming they are Type 1)
tends to be parallel to fronts, although individual cells
may have a component of their movement toward colder
air. Empirically, the motion of individual meso-β-scale
convective elements (MBEs; vMBE), which produce the heav-
iest rainfall, has been shown to be well-predicted by the
sum of the cloud layer mean wind (vCL) and the sys-
tem propagation (vPROP), the latter of which is assumed
to be equal and opposite to the low-level jet (vLLJ);
i.e., vMBE = vCL + vPROP = vCL − vLLJ (Figure 9.28). The
vertical wind shear in MCC environments at middle and
upper levels is generally weak, but the low-level vertical
shear may be significant, owing to strong warm advection
and the corresponding thermal wind.

Because of their size and duration, MCCs generate
warm-core, meso-α-scale circulations that are organized on
a much larger scale than the individual convective elements.
Near the tropopause (i.e., above the level of maximum con-
vective heating), MCCs generate a mesohigh and divergent,
anticyclonic outflow, once the accumulated effect of the
Coriolis acceleration becomes significant, that is, a few
hours after initiation (Figure 9.29b).22 Below the level of

22 Any large and long-lived MCS, even one that does not meet all of the
MCC criteria, will obviously generate similar circulations.
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Figure 9.29 Mesoscale model output showing cyclonic vorticity at 500 mb and anticyclonic vorticity at 200 mb in the wake
of a midlatitude mesoscale convective complex. Winds are system-relative. Green shading denotes regions of convective
precipitation. (Adapted from Chen and Frank [1993].)
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maximum convective heating, a low-pressure perturba-
tion and convergent, cyclonic eddy is produced, called a
mesoscale convective vortex (MCV; Figure 9.29a). Both the
cyclonic and anticyclonic circulations are often apparent
in cloud debris (Figure 9.30) and occasionally in the radar
appearance of the convective complex (Figure 9.31). The
superpositioning of the upper-tropospheric anticyclone on
the background synoptic wind field often leads to the for-
mation of a mesoscale jet streak on the northwestern flank
of the MCC (Figures 9.29b and 9.32).

As was the case in the explanation of the development of
a midlevel pressure minimum and rear inflow in a mature
squall line (Section 9.4), the pressure perturbations associ-
ated with the anticyclonic and cyclonic circulations can be
explained by the sign of ∂B/∂z; relatively high (low) pres-
sure is found where ∂B/∂z < 0 (∂B/∂z > 0). The wind and
temperature perturbations that accompany the pressure
perturbations can be viewed as a reflection of potential
vorticity anomalies. In a statically stable environment (i.e.,
∂θ/∂z > 0), diabatic heating depresses isentropes down-
ward. As a result, above (below) the level of maximum
heating, ∂θ/∂z is reduced (increased); therefore, the poten-
tial vorticity, PV, is also reduced (increased) above (below)
the level of maximum convective heating, where

PV = (ω + f k) · ∇θ

ρ
≈ ζ + f

ρ

∂θ

∂z
, (9.8)

ω = (ξ , η, ζ ) is the three-dimensional relative vorticity
vector, and the Coriolis acceleration has been approximated
as f k (Figure 9.33).

The mesoscale potential vorticity anomalies and asso-
ciated mesoscale circulations induced by the convective

heating are an intrinsic characteristic of MCCs and play an
important role in MCC maintenance. In what is known as
the potential vorticity thinking framework, in the presence
of shear, vortex-relative environmental flow rides up the
isentropic surface as it approaches the positive, lower tro-
pospheric potential vorticity anomaly from the downshear
side. This air reaches its LFC, with the subsequent latent
heat release maintaining the potential vorticity anomalies
(Figure 9.34a). The presence of wind shear implies tilted
isentropic surfaces via the thermal wind relation, and
lifting induced by the cyclonic potential vorticity anomaly
is favored on the downshear flank of the circulation where
southerlies induced by the potential vorticity anomaly ride
up the isentropic surfaces (Figure 9.34b).

MCCs are maintained as long as they have a supply of
moist, conditionally unstable inflow (often aided by the
presence of a low-level jet), which is helped to its LFC by
the aforementioned dynamics associated with the MCV.
The lifting resulting from the interaction of MCVs and
environmental wind shear occurs over a deep layer; not
only does inflow glide up isentropic surfaces until it reaches
its LFC, but the deep layer-lifting associated with the MCV
reduces CIN and increases CAPE, thereby making the
LFC more easily attainable and increasing the subsequent
convective heating that is important for the maintenance of
the MCV.23 The lifting can also form MAULs. Dissipation
of an MCC usually occurs when the MCC moves away from
its source of conditionally unstable air or forced ascent is
unable to continue to lift parcels to the LFC.

23 See Davis and Trier (2007) and Trier and Davis (2007); these papers
report recent MCV observations made during the Bow Echo and MCV
Experiment (BAMEX).
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Figure 9.30 (a) Infrared satellite image of a weakening MCC at 1145 UTC 8 July 1997. (b) Visible satellite image of an
MCV at 1615 UTC 8 July 1997. The circulation was produced by the MCC in (a).
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Figure 9.31 MCS on 21 July 2003 visible in the State College, PA, radar reflectivity imagery. The MCS was initiated by
an MCV generated upstream on the previous day. The MCS subsequently intensified the MCV (the meso-α-scale cyclonic
reflectivity pattern is obvious). A number of mesovortices and tornadoes were embedded within the line. A tornado
destroyed the Kinzua Viaduct, built in 1882, which was the longest and tallest railroad bridge ever built at the time and
was advertised as the ‘Eighth Wonder of the World’.
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Figure 9.32 (a) Wind field (m s−1) at 200 mb at 0600 UTC 25 April 1975, with the synoptic-scale basic flow subtracted,
associated with a mesoscale convective complex. (b) The same as (a), but the total wind field is shown. (Adapted from
Maddox et al. [1981].)
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Figure 9.33 Structure of potential vorticity anomalies produced by a region of deep moist convection and the associated
modifications of the temperature and wind fields. A cyclonic circulation develops around the lower tropospheric positive
potential vorticity anomaly, and an anticyclonic circulation develops around the upper tropospheric negative potential
vorticity anomaly, as indicated by the arrows. (Adapted from Raymond and Jiang [1990].)
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Figure 9.34 Illustrations of the mechanisms by which ascent can occur in the presence of a potential vorticity anomaly
in shear. The environmental shear is westerly in the illustration and only shown below the positive potential vorticity
anomaly for clarity. (a) In a frame of reference moving with the potential vorticity anomaly, the relative environmental
wind causes flow on the perturbation isentropic surface caused by the potential vorticity anomaly, with ascent (descent)
upwind (downwind) of the anomaly. (b) The potential vorticity anomaly, as viewed from the east. The tilted isentropic
surfaces are associated with the environmental westerly wind shear indicated in (a). The cyclonic circulation around the
potential vorticity anomaly causes ascent (descent) in the southerlies (northerlies) east (west) of the anomaly. (Adapted
from Raymond and Jiang [1990].)
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The above discussion of the role of potential vortic-
ity anomalies and isentropic ascent in the maintenance
of MCCs implies that localized gust front lifting (and
therefore the presence of strong environmental low-level
shear in order to counteract the circulation induced by a
cold pool) is probably less crucial in the maintenance of
MCCs than in other MCSs. MCCs usually form as ele-
vated storms above a nocturnal boundary layer or stable
air mass on the cold side of a synoptic-scale front—in
which case the horizontal buoyancy gradients associated
with the gust fronts tend to be suppressed—or their out-
flows undercut the surface-based initial storms and they
become elevated over their own cold pools. In addition
to the aforementioned MCV dynamics, lifting by gravity
waves (bores, more precisely) can also be important in
the maintenance of nocturnal MCSs in strongly stratified
low-level environments.24

MCVs can persist much longer than the buoyant con-
vection itself, occasionally even several days.25 MCVs
can also be important for the initiation of new convec-
tion on subsequent days (Figures 9.30 and 9.31), usually
on their downshear flanks as described above, and the
new convection can perpetuate the MCV by way of
latent heat release, which generates/maintains the cyclonic
(anticyclonic) potential vorticity anomalies via pressure
falls (rises) and convergence (divergence) below (above)
the level of maximum heating. MCVs are most likely to
survive beyond their parent MCC when the environmen-
tal vertical wind shear is weak, which is often the case in
the synoptic-scale pattern that accompanies MCCs. Some
maritime MCCs eventually develop into tropical cyclones,
which may not be surprising given that the warm-core
dynamical structure of an MCC resembles that of a tropical
disturbance.
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