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Organization of Isolated Convection

Convective storms can be organized in a variety of ways.
Some occur as discrete and somewhat isolated cells, whereas
others occur within large complexes or lines. The orga-
nization of convective storms, to a considerable degree,
influences the threats they pose (e.g., damaging straight-
line winds, large hail, flash floods, tornadoes). Perhaps
ironically, determining whether, where, and when convec-
tive storms will be initiated is often more difficult than
determining the range of likely storm types in the event
that convective storms are initiated.

Much of our understanding of the relationship between
storms and their environments has been obtained from
numerical modeling studies in which the characteris-
tics of the environment can be controlled. The earliest
three-dimensional thunderstorm modeling studies initi-
ated convection by placing a warm bubble into the low
levels of a conditionally unstable environment. The warm
bubble initiated a sustained updraft, and the subsequent
evolution was dependent on parameters such as the vertical
wind shear and CAPE of the environment, among others.

In this chapter we explore the relationship between the
parent environment and isolated convection like that which
might develop in an idealized simulation from a warm
bubble, or in nature by localized convergence. Larger-scale
convective systems, which can be initiated from less local-
ized forcing (e.g., widespread lifting of air over a frontal
surface to the LFC) or when the outflows produced by ini-
tially isolated updrafts merge to produce one large outflow,
are the focus of Chapter 9. A more targeted consideration
of the hazards associated with DMC appears in Chapter 10.

8.1 Role of vertical wind shear
The organization of DMC can be affected by the verti-
cal wind shear, CAPE, relative humidity, and the vertical

distributions of each of these variables, among other things.
Of these parameters, the vertical wind shear probably
exerts the greatest influence on storm type. Vertical wind
shear tends to promote storm organization and longevity,
although excessive vertical shear can be detrimental to
weak updrafts in environments of marginal instability, just
as strong shear can be detrimental to convection initiation
by increasing entrainment.

Although there are many measures of vertical wind
shear (and its associated horizontal vorticity), one param-
eter that works fairly well for quantifying vertical shear
and predicting storm type is simply the magnitude of
the 0–6 km vector wind difference, which often casu-
ally is referred to as the 0–6 km shear, even though
it does not have units of shear (Figure 8.1).1 Values of

1 In practice, the 0–6 km shear typically is computed from the vector
difference between the wind at 6 km and the wind at the lowest wind
observation level, which is usually a few meters above the ground rather
than at z = 0 m (the horizontal wind goes to zero at z = 0 m; it is
not known what effect, if any, the vertical shear in the lowest few
meters has on a storm). The characterization of the vertical wind shear
using a bulk measurement such as the magnitude of the 0–6 km vector
wind difference, in contrast to some others (e.g., hodograph length), is
insensitive to the kinks and inflections common in observed hodographs.
‘Small-scale’ hodograph details are quite possibly important for some
sorts of prediction (e.g., the intensification of near-ground rotation in
simulated storms can be sensitive to small hodograph changes), but for
anticipating storm type, small-scale hodograph details do not appear
to be as critical. The magnitude of the 0–6 km vector wind difference
is easy to compute, because it requires no integrations or calculations
of mean winds. We note that evaluating the shear over the lowest
6 km is more of a historical tradition than any indication of something
special about the 0–6 km layer. Skillful forecasts of the organization of
DMC probably also could be made using the magnitudes of the 0–5 km,
0–7 km, or 0–8 km vector wind differences, etc., with, of course, different
thresholds.
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202 ORGANIZATION OF ISOLATED CONVECTION

Figure 8.1 Relationship between the magnitude of the
0–6 km vector wind difference, or ‘0–6 km shear’, and
a hodograph. Numerals along the hodograph indicate
altitudes above ground level. In this figure and in others
in this chapter depicting hodographs, the point on the
hodograph labeled ‘‘0’’ is the lowest altitude where the
wind is measured, which typically is a few meters above
the ground rather than at z = 0 m. The magnitude of the
0–6 km vector wind difference discriminates among storm
types reasonably well.

0–6 km shear less than 10 m s−1 are usually regarded as
weak, 0–6 km shear of 10–20 m s−1 is usually regarded as
moderate, and 0–6 km shear >20 m s−1 is usually regarded
as strong.

A parameter that combines shear and CAPE, known as
the bulk Richardson number (BRN), also has been used to
forecast storm type. The BRN is defined as

BRN = CAPE
1
2 U2

, (8.1)

where U is the magnitude of the vector difference between
the 0–6 km mean wind and the 0–500 m mean wind.
Though CAPE is obviously a measure of potential updraft
strength, CAPE has also been assumed to be a proxy for
the strength of the outflow produced by the evaporation,
melting, and sublimation of hydrometeors within a storm,
with larger CAPE associated with stronger cold pools.2

(Outflow strength only increases with CAPE when the
vertical profile of environmental relative humidity is held
constant. Downdraft and outflow strength, in general, as
will be discussed in Chapter 10, depend on a number of
factors, with the condensate mass produced by an updraft
being only one of them.) Regarding the denominator, if

2 See Weisman and Klemp (1982).

the 0–6 km mean wind is a crude proxy for the storm
motion, then U approximates the 0–500 m storm-relative
wind, and 1

2 U2 is therefore a measure of the storm-relative
inflow kinetic energy. The greater the storm-relative inflow
kinetic energy, the greater the degree to which the outflow
is restrained. Thus, the basic idea behind the BRN is that
it gives a rough measure of the balance between inflow and
outflow, assuming that outflow strength is well-predicted
by CAPE, and that this balance should at least partly
be related to storm organization, longevity, and severity.
Inflow and outflow tend to be relatively well-matched for
a small (�50) BRN, perhaps leading to longer-lived, more
severe storms. On the other hand, a large BRN (�50)
implies that outflow might overwhelm the inflow and
undercut the updraft, leading to relatively short-lived cells,
although, depending on other aspects of the environment,
new cells might be able to be triggered successively by the
storm’s gust front, thereby leading to a convective system
that outlives the shorter-lived individual cells. The wind
shear appearing in the denominator of the BRN is also a
measure of the ability of an updraft to acquire rotation
via tilting of horizontal vorticity. Thus, a low BRN can
imply that updrafts will develop significant rotation. Storms
having strong updraft rotation are known as supercells and
are responsible for a disproportionate fraction of severe
weather reports.

Although the BRN was found to account for much of
the variance in storm type within numerical simulations
exploring the CAPE-shear parameter space, forecasters
usually just examine the wind shear magnitude because
storm type is a stronger function of vertical wind shear
than CAPE. Observations suggest that the product of CAPE
and shear, rather than the quotient of CAPE and shear,
may be a better predictor of storm type anyway, at least
for some types of storms. For example, the rate of ver-
tical vorticity development in supercells from the tilting
of horizontal vorticity is proportional to the vertical shear
times the updraft speed, and the updraft speed is propor-
tional to CAPE1/2, at least within the confines of parcel
theory.

The reasons why vertical wind shear tends to
enhance the organization, longevity, and severity of
DMC are twofold. The first reason is that the degree
to which precipitation and outflow interfere with an
updraft is reduced as the vertical shear over the updraft
depth increases (we sometimes will refer to this as
the deep-layer shear). Where precipitation falls relative
to the low-level updraft depends on the horizontal
momentum of air relative to the updraft when it enters
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the updraft, the horizontal accelerations air experiences
over the vertical excursion that grows hydrometeors to
precipitation size (the horizontal accelerations can result
from horizontal gradients in either p′

b or p′
d), and the

storm-relative wind field through which the precipitation
falls on the way to the ground. In spite of all of the
complexities, there is a tendency for the distance
precipitation falls from its parent updraft to increase with
increasing deep-layer shear and upper-level storm-relative
winds, and the precipitation tends to fall on the downwind
side of the updraft with respect to the direction of the
upper-level storm-relative winds (and the radar echoes
associated with isolated convective storms therefore
tend to be elongated in the direction of the upper-level
storm-relative winds).

The strength of the upper-level (and low-level) storm-
relative winds tends to increase with the magnitude of
the deep-layer wind shear; that is, strong-shear envi-
ronments also tend to have strong storm-relative winds
(Figure 8.2). Furthermore, strong storm-relative winds at
low levels restrain the motion of the gust front relative
to the updraft, thereby limiting the tendency for rain-
cooled outflow to undercut the updraft (Figures 8.3b–c
versus 8.3e–g, 8.4).

The second reason why vertical wind shear can have
an important enhancing effect on DMC is by the devel-
opment of dynamic vertical pressure gradients. Low-level

shear, as we shall see, has a significant influence on the
lifting along a gust front (the strength of this lifting ulti-
mately is tied to the strength of the vertical gradients of
both p′

d and p′
b), and thereby has significant control over

the ability of the gust front to trigger new cells, which in
turn affects how DMC is organized. In weak-shear envi-
ronments, the lifting of environmental air by the gust front
is relatively weak; thus, new cells generally fail to be ini-
tiated, at least in any systematic, predictable way (if the
environmental CIN is very small then even weak lifting
by the gust front could generate new cells). The result is
relatively short-lived, disorganized convection that some-
times is referred to as single-cell convection (this is the
mode of convection identified in simulations initialized
with a high-BRN environment). In moderate-shear envi-
ronments, the lifting of environmental air along the gust
front is enhanced along a preferred flank (e.g., we shall
later find that lifting is enhanced on the downshear flank
of the outflow in the case of fairly straight hodographs),
leading to the repeated triggering of new cells and so-
called multicell convection (this is the mode of convection
identified in simulations initialized with a moderate-BRN
environment).

As mentioned earlier, large-shear environments are
conducive to supercells. Not only does the tilting of hori-
zontal vorticity lead to storm rotation, but the dynamic
vertical pressure gradients that accompany large-shear
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Figure 8.2 Relationship between vertical wind shear and storm-relative winds. The hodograph in (a) depicts a vertical
wind profile having weak shear relative to the hodograph in (b); notice that the length of the hodograph in (a) is much
shorter than that in (b). Storm-relative wind vectors (magenta) are overlaid at 0, 3, and 6 km for the two cases, assuming
a storm motion approximately equal to the mean wind defined by each hodograph. The length of the storm-relative wind
vectors is proportional to the magnitude of the storm-relative winds. Numerals along the hodographs indicate altitudes
above ground level.



204 ORGANIZATION OF ISOLATED CONVECTION

5 m s–1

t = 30 min

A A

(b)

2 km

u (m s–1)

z
(km)

10

8

6

4

2

0
4035302520151050

(a)

(c)
t = 30 min

30 m s–1

no shear

2 kmA A

2 
km

2 
km

Figure 8.3 Comparison of numerically simulated storms
in a no-shear and large-shear environment. The sound-
ing used (not shown) was that used by Weisman and
Klemp (1982) having a surface water vapor mixing ratio
of 14 g˜kg−1 and approximately 2200 J kg−1 of CAPE.
(a)˜Vertical profile of the u wind component in the no-
shear simulation (the v wind component is zero in the
pre-storm environment). (b) Horizontal cross-section cen-
tered on the storm at t = 30 min. Horizontal wind vectors
(which are also storm relative since the storm motion is
stationary) at 0.2 km, vertical velocity at 4.2 km (magenta;
10 m s−1 interval starting at 10 m s−1), interval starting
at 10 m s−1), rainwater concentration at 1.0 km (green;

2 km

t = 60 min

20 m s–1

A A

B

B

(e)

2 km

2 
km

A A

20 m s–1

(f)

2 
km

t = 60 min

u (m s–1)

z
(km)

10

8

6

4

2

0
4035302520151050

(d)

strong shear

20 m s–1

B B2 km

(g)

2 
km

t = 60 min



ROLE OF VERTICAL WIND SHEAR 205

environments, especially if the shear is distributed over a
significant fraction of the cloud depth, can also enhance
updrafts at altitudes high above the gust front. The propaga-
tion of such storms is driven by deep-layer vertical pressure
gradient forces independent of the gust front (this is the
mode of convection identified in simulations initialized
with a low-BRN environment). Figure 8.5 summarizes the
relationship between the spectrum of storm types and the
vertical wind shear.3

Some sources attribute increases in storm organization,
longevity, and severity to updraft tilt, arguing that shear
promotes a tilted updraft such that hydrometeors can fall
out of the updraft without falling through the updraft,
but many severe storms occurring in large-shear environ-
ments have fairly erect updrafts (see, e.g., Figure 8.3f, g).
In fact, updrafts that are tilted are more adversely affected
by entrainment and, as will be discussed in Chapter 9,
by the vertical gradient of buoyancy perturbation pressure
(∂p′

b/∂z). Updraft tilt depends on the vertical shear and
the strength of the updraft, the latter of which, as discussed
above (and in much more detail later in this chapter),
can itself be intensified by the vertical shear; that is, ver-
tical shear can actually promote more upright updrafts.
This is especially true once storms develop extensive rain-
cooled outflow, as will be shown in Chapter 9. Indeed,
some long-lived, severe convective storms do have fairly
tilted updrafts. The fact that long-lived DMC sometimes
does and sometimes does not have tilted updrafts is evi-
dence that the tilt of an updraft is not a good predictor
of storm longevity (or severity). The ability of the gust

3 Elevated convection (Section 7.4) can be single-celled, multicellular
(including large, long-lived mesoscale convective systems), or super-
cellular, depending on the magnitude of the vertical wind shear in the
cloud-bearing layer. In elevated convection environments, strong shear
is frequently present in the lowest ∼1 km, especially on the immediate
cool side of an air mass boundary, but if this air is very stable and is not
feeding the convection, then the presence of strong shear in the layer is
irrelevant.

front or midlevel updraft to lift air to the LFC is what
matters.

The characteristics and environments of single-cell,
multicell, and supercell storms are described in the next
sections. It is worth noting that the aforementioned numer-
ical modeling studies, upon which much of our present
understanding of the organization of DMC is based, sim-
ulated environments that were horizontally homogeneous
and time invariant. A growing body of observational evi-
dence and idealized numerical simulations suggest that
spatial inhomogeneities in the environment can lead to
profound changes in convective storm morphology and
behavior. Furthermore, synoptic and mesoscale conditions
are rarely, if ever, unchanging in time. We have only
recently begun to consider what happens when convec-
tion initiated in weak shear finds itself in much stronger
shear hours later. Idealized simulations suggest, perhaps
somewhat intuitively, that convection can be transformed
fairly readily from supercellular to multicellular convection
if the vertical wind shear weakens while the convection
is ongoing, but that multicellular, cold-pool-driven con-
vection is not as easily transformed into supercellular,
non-cold-pool-driven convection if the vertical wind shear
strengthens while convection is ongoing. It seems as though
cold pools provide a sort of ‘dynamical inertia’ that makes
it difficult to change the behavior of a cold-pool-driven
convective system. Simulated storms are also initiated,
somewhat necessarily, with highly idealized forcing (e.g.,
isolated warm bubbles). The organization of DMC can be
sensitive, however, to the means by which it is initiated (e.g.,
by an initial warm bubble versus a cold pool in a numer-
ical model, and with potentially a range of horizontal and
vertical dimensions, or perhaps, in the real atmosphere,
depending on whether convection is initiated by a dryline
or cold front, or the orientation of a mesoscale bound-
ary relative to the mean wind direction). We do not
yet possess a mature understanding of the sensitivity of
DMC organization to the processes responsible for its
initiation.

Figure 8.3 (continued) >2 g kg−1 shaded), and the gust front at 0.2 km (−0.2 K potential temperature perturbation blue
contour) are shown. (c) Vertical cross-section from A to A′ (refer to [b]). Storm-relative wind vectors in the plane of the
cross-section: the cloud field (gray; cloud ice and cloud water concentration greater than 1 g kg−1), large hydrometeors
(rainwater plus graupel plus snow; green; >2 g kg−1 shaded), vertical velocity (magenta; 10 m s−1 interval starting at
10 m s−1), and the gust front (−0.2 K potential temperature perturbation blue contour) are shown. (d) As in (a), but for
the large-shear simulation (the v wind component is zero in the pre-storm environment). The storm motion subtracted from
the wind in order to obtain the storm-relative winds is (20, −5) m s−1. (e) As in (b), but for the large-shear simulation
and at t = 60 min. (f) and (g) Zonal and meridional vertical cross-sections as in (c) from A to A′ and B to B′ (refer to [e]
for the locations of the cross-sections).
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Figure 8.4 Radar reflectivity comparison of gust fronts associated with convection in (a) weak shear and (b) strong shear.
In environments containing weak vertical wind shear, the gust front moves well beyond the radar echo (and the updraft
that produces the precipitation that is responsible for the echo). Conversely, in environments containing strong vertical
wind shear, the gust front tends to be closely attached to the echo, indicating that the updrafts are not being undercut by
outflow. Also refer to Figure 8.3b, d.

8.2 Single-cell convection
Single-cell convection is the term for the variety of deep
moist convection that consists of only one updraft and
does not initiate subsequent convection in any organized
manner. The lifting along gust fronts in weak-shear envi-
ronments is weak and shallow; thus, it is difficult for
the gust front produced by any individual cell to trigger

new cells. However, there are typically a number of dis-
crete cells initiated by whichever mesoscale forcing initiates
DMC on a particular day. Subsequent cells are often ini-
tiated by colliding outflows that provide much stronger
forced lifting than any single gust front would. However,
this evolution should be distinguished from the evolution
typically associated with so-called multicellular convection,
wherein new cells are triggered repeatedly, usually on a
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Figure 8.5 Spectrum of storm types as a function of vertical wind shear. Although the vertical shear exerts the greatest
influence on storm type, other secondary factors can also affect the mode of convection (e.g., vertical distribution of
buoyancy, moisture, and shear, as well as the means by which storms are initiated); thus, some overlap among storm types
exists in this simple single-parameter depiction. The relationship between vertical wind shear magnitudes and the nature
of cell regeneration/propagation is also shown.
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Figure 8.6 Photographs of DMC in environments containing weak vertical wind shear. Note the location of the precipitation
shafts relative to the updrafts (upper left, right) and the fairly symmetrical, circular anvils (lower left). Photograph credits:
Jim LaDue (upper left), Roger Edwards/Insoujourn (lower left), Thomas Sävert (right).

preferred flank of the initial cell, such that a highly orga-
nized cluster or line of cells is maintained for a much
longer period of time than the typical lifetime of an indi-
vidual cell.

The weak vertical wind shear of single-cell convection
environments usually implies weak synoptic-scale forcing;
that is, the development of soundings that support single-
cell convection is usually dominated by the diurnal cycle of
the boundary layer rather than by large-scale ascent and/or
advection of temperature or moisture. Thus, single-cell
convection tends to occur near and shortly after the time
of maximum daytime heating (when CIN is smallest and
CAPE is largest) and tends to dissipate quickly after sun-
set. It only occasionally produces hail or wind gusts that
could be characterized as severe. When severe weather is
produced, it is generally of the pulse variety—short lived,
usually marginal (e.g., a brief wind gust above 25 m s−1), and
difficult to issue warnings for. Although CAPE can range
from just a few hundred J kg−1 to >2000 J kg−1 in single-cell
environments, pulse severe weather events are usually lim-
ited to environments having large (>2000 J kg−1) CAPE.
Peak updraft speeds also are highly variable and proba-
bly a strong function of the CAPE, though this does not
imply that updraft speeds closely match those predicted
by parcel theory. Maximum updraft speeds might be as

small as 5 m s−1 in low-CAPE, tropical, weak-shear envi-
ronments, and in excess of 40 m s−1 in high-CAPE, midlati-
tude, weak-shear environments. Photographs of single-cell
convection appear in Figure 8.6. Examples of single-cell
convection in visible satellite and radar images appear in
Figure 8.7.

Although we have classified DMC as single-cell, multi-
cell, and supercell up to this point (refer to the previous
section), alternatively, cells have also been classified either
as ordinary cells or supercells. The updraft of an ordi-
nary cell is driven virtually solely by buoyancy, whereas
the updraft of a supercell is driven by both buoyancy and
dynamic vertical pressure gradient forces that are com-
parable in magnitude. Single-cell convection is therefore
viewed as comprising a single ordinary cell, and multicell
convection is viewed as comprising multiple ordinary cells
(the gust front of a multicellular convective system lifts air
to the LFC via dynamic vertical pressure gradient forces on
a preferred flank, but buoyancy still dominates the vertical
acceleration above the LFC).

The lifetime of an ordinary cell, τ , can be approximated
as the time it takes air to ascend from the surface to the
equilibrium level (approximately H, the scale height of the
atmosphere) divided by the average updraft speed (w0),
plus the time it takes for the precipitation produced by the
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Figure 8.7 (a) Sequence of radar reflectivity images (0.5◦ elevation angle) from the State College, PA, WSR-88D on
30 May 2006 from 2211 to 2332 UTC showing the evolution of single-celled convection (disorganized convection would
perhaps be more appropriate terminology in this case). (b) Visible satellite image at 2232 UTC. (c) Sounding from Sterling,
VA (IAD; the location is indicated with a star in [b]) at 0000 UTC 31 May 2006. Note the weak vertical wind shear (the
magnitude of the 0–6 km vector wind difference is approximately 5 m s−1).

ascent to fall to the ground, which can be approximated
as H/vt, where vt is the mean terminal fall speed of the
precipitation:

τ ≈ H

w0
+ H

vt
. (8.2)

For H � 10 km, w0 � 5–10 m s−1, and vt � 5–10 m s−1,
the lifetime is roughly 30–60 minutes.

The lifecycle of an ordinary cell begins with the tow-
ering cumulus stage. In this stage, only an updraft exists
(Figure 8.8). The towering cumulus stage is followed by

the mature stage, which commences with the production
of precipitation particles large enough to fall through the
updraft (Figure 8.8). At this time, an anvil also begins to
form. The precipitation formed by the rising air currents
within the updraft falls through the updraft rather than
being deposited away from the updraft, and the associated
hydrometeor loading reduces updraft buoyancy. The falling
precipitation and subsequent evaporation of precipitation
induce a downdraft, which spreads laterally upon reaching
the surface. The leading edge of the downdraft marks the
gust front.
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Figure 8.8 The three stages of an ordinary cell: (a) towering cumulus stage, (b) mature stage, and (c) dissipating stage.
(Adapted from Byers and Braham [1949] and Doswell [1985].)

Eventually the downdraft completely dominates the
cell, at which time the dissipating stage begins (Figure 8.8).
During this stage, the rain-cooled air spreads far from the
updraft; the updraft is cut off from potentially buoyant
inflow and cannot be maintained. New cells may or may
not be initiated by the gust front, depending on the envi-
ronmental CIN and the vertical motion associated with the
gust front. Eventually the old convective cloud is reduced
to an orphan anvil composed entirely of ice crystals. The
anvil slowly sublimates into oblivion (this can take many
hours). If severe weather occurs, it usually occurs near the
transition from the mature to dissipating stages, or about
the time when the maximum fallout of precipitation occurs.
Severe wind gusts are most likely when precipitation falls
through relatively dry subcloud layers, where evaporative
cooling and generation of negative buoyancy is substantial.

8.3 Multicellular convection
Multicellular convection probably is the most common
form of convection in midlatitudes. In contrast to single-
cell convection, multicellular convection is characterized
by the repeated development of new cells along the gust
front, where the forced ascent is sufficient to lift parcels
to the LFC. The regular initiation of new cells enables the

survival of a larger-scale convective system, one that can be
regarded as being composed of ordinary cells (Figure 8.8),
despite the fact that each individual cell persists for only
30–60 minutes. The most severe forms of multicellular
convection can last for hours and produce large swaths of
damaging straight-line winds and hail up to the size of golf
balls. Multicellular convection can be organized as meso-
β-scale clusters of cells (see, e.g., Figures 8.9 and 8.10), or as
meso-α-scale convective systems, which often take the form
of nearly unbroken lines. Our scope is limited in this section
to the smaller-scale form of multicellular convection, for
example, that which can arise in a numerical simulation
initialized with a single warm bubble. Larger-scale convec-
tive systems initiated by broad regions of mesoscale ascent,
or by the merging of outflows produced by initially isolated
updrafts, are treated separately in Chapter 9.

The environments of multicell convection are charac-
terized by a moderate degree of vertical wind shear (the
magnitude of the 0–6 km vector wind difference is usually
in the 10–20 m s−1 range). CAPE can be relatively small
or large. Figure 8.11 presents a vertical cross-section of a
typical evolution. In the top panel, Cell 1 is entering its
dissipative stage (dominated by downdraft) and Cell 2 is in
its mature stage. Cell 3 is just reaching the stage where pre-
cipitation is beginning to form (it is dominated by updraft
at this time). The altitude of the first radar echo can provide
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Figure 8.9 Photograph of a multicellular thunderstorm cluster. New updrafts are being forced on the left and old,
dissipating updrafts are located on the right. Photograph by Al Moller.
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Figure 8.10 (a) Multicellular convection on 20 May 1999 as seen in reflectivity data obtained by the Amarillo, TX,
WSR-88D. Range rings are drawn every 15 km. (b) Hodograph obtained from a wind profiler located approximately 100 km
east of the convection in Vici, OK. The magnitude of the 0–6 km vector wind difference is 16 m s−1. Vectors indicating cell
motion, propagation, and overall system motion are also shown. It is evident that the (southwestward) propagation was
not in the direction of the low-level shear (directed toward the east); thus, the observed propagation appears to be the
result of environmental inhomogeneity (e.g., interaction with the dryline that was responsible for convection initiation in
the first place, or perhaps CIN variations).
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Figure 8.11 Schematic of the evolution of multicellular
convection. Refer to the text for details. (Adapted from
Doswell [1985].)

an indication of the updraft strength, with the altitude of
the initial echo increasing with updraft strength. Cell 4 is
only beginning to ascend toward the equilibrium level. In
the middle panel of Figure 8.11, which is ∼10 min after
the top panel, the heavy precipitation produced by Cell 2
has reached the ground and its updraft is weakening. Cell
1 has almost completely dissipated. The top of Cell 3 has
passed through its equilibrium level and is decelerating,
which forces it to spread out horizontally into an anvil.
Cell 4 continues to develop, and a new Cell 5 has been
initiated. In the bottom panel of Figure 8.11, which is
another ∼10 min later, Cell 1 and Cell 2 have nearly dis-
sipated, Cell 3 is dominated by downdrafts and has begun
to weaken, Cell 4 is approaching the equilibrium level and
is nearing maturity, and Cell 5 continues to grow (the first
echo has appeared aloft). This cycle repeats itself—Cell 3
replaces Cell 2, Cell 4 replaces Cell 3, Cell 5 replaces Cell 4,
and so on. Individual ordinary cells tend to move with
the velocity of the mean wind averaged over their depth.
This movement, combined with the repeated development

of new cells on a preferred flank, leads to a propagation
of the multicell system that can be slower or faster than
the mean wind, and often in a different direction than the
mean wind (Figure 8.10b). We are careful to distinguish
between movement and propagation. The movement of the
multicell system (as well as the mesoscale convective sys-
tems in Chapter 9) is regarded as the sum of individual cell
movement and propagation. The movement of individual
cells is viewed as resulting from the advection of cells by the
mean wind over the depth of the cell, whereas propagation
refers to movement independent of advection.

There is a strong tendency for new cells to be initiated
on the downshear flank of the outflow, because lifting by
a gust front is enhanced where the environmental shear
over approximately the depth of the outflow points in the
opposite direction to the density gradient associated with
the outflow (Figure 8.12; also refer to Figure 5.31). Lifting is
enhanced (suppressed) on the downshear (upshear) flank
of the outflow because this is where the baroclinically gen-
erated horizontal vorticity opposes (adds to) the horizontal
vorticity associated with the low-level vertical wind shear
in the environment. Gust front–relative streamlines origi-
nating in the environment turn upward most abruptly and
lifting tends to be deepest along the portion of the gust front
where the environmental and outflow-induced horizontal
vorticity cancel most; air parcels lifted by this portion of
the gust front have an excellent chance of reaching their
LFC (Figure 8.12). Conversely, where the environmental
and outflow-induced horizontal vorticity are in the same
direction, lifting along the gust front is shallow and updrafts
are highly tilted; air parcels are rapidly accelerated hori-
zontally over the cold air as they rise above the ground,
greatly limiting the chance that they will reach their LFC
(Figure 8.12). The relationship between the tilt of the gust
front updraft and the balance between outflow-induced
horizontal vorticity and the environmental horizontal vor-
ticity will be explored in greater detail in Chapter 9.

The environmental storm-relative (and therefore gust
front–relative) winds at low levels, which are a function
of storm motion and therefore depend on the wind profile
over the entire depth of the storm (and therefore depend
on the deep-layer shear), also play a role in the initiation of
new cells. In addition to being influenced by the low-level
vertical wind shear in the environment, the vertical motion
along a gust front is also influenced by the strength of
the storm-relative headwind encountered by the gust front
(stronger headwinds are associated with stronger horizontal
convergence and vertical motion). In the case of a straight
hodograph, the strongest headwinds are encountered by
the gust front on its downshear flank; that is, the influence
of the low-level, environmental vertical wind shear and
storm-relative winds on the vertical motion along the gust
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Figure 8.12 Comparison of lifting by the gust front in (a) a no-shear, single-cell environment and (b) a moderate-shear,
multicell environment (the shear is westerly). Rain and hail are schematically indicated by the green and yellow shading.
Evaporatively cooled outflow is shaded dark blue. Cloud is white. Some select storm-relative streamlines are shown as
black arrows. The LFC is also indicated. The sense of the horizontal vorticity induced by the cold pools is indicated with
white circular arrows. In (b), the sense of the horizontal vorticity associated with the environmental vertical wind shear
is indicated with purple circular arrows. Moreover, the modification of the depth and slope of the leading portions of the
cold pool by its interaction with the environmental shear, along with the effect on the nature of the lifting along the gust
front, is also reflected in (b). Compare the depths of the western and eastern outflow heads in (b) to each other, as well
as to those drawn in (a).

front are both maximized on the downshear flank of the
outflow, which promotes downshear propagation. When
the hodograph is curved, however, the strongest headwind
may not be on the downshear flank of the gust front.
For example, consider the multicell simulation shown in
Figure 8.13, in which the hodograph turns through 90◦.
Over the depth of the cold pool (∼1 km), the mean low-level
environmental shear points toward the north-northeast,
whereas the mean low-level environmental storm-relative
wind points toward the west-southwest (Figure 8.13a). New
cells develop along the gust front in an arc that extends from
the northern flank to the eastern flank, leading to an overall
propagation toward the northeast (Figures 8.13b–d).

Although the orientation of the shear and storm-relative
winds affect the propagation of multicellular convection
in important ways, multicell propagation can also be
influenced by environmental heterogeneities. One com-
mon example is the influence of a mesoscale boundary
or synoptic front, or possibly even terrain, which can
interact with convective outflow in order to initiate new

cells in a way that defies what one would expect in a
homogeneous environment when only the characteristics
of the environmental wind profile can modulate the lifting
by the gust front. Occasionally such heterogeneities lead
to backbuilding multicellular convection, in which case the
system propagation is in the opposite direction to individ-
ual cell motions. Variability of CIN within the environment
also can affect the propagation of the convection. When
CIN varies within the ambient environment, new cell gen-
eration and thus system propagation depend on where
the superpositioning of gust front lifting and weak CIN is
optimal (this is just a simple consequence of the fact that
convection initiation depends on both the vertical motion
and CIN). Multicellular convection has a propagation com-
ponent toward smaller CIN when CIN gradients exist in
the environment (Figure 8.14).

Supercells, which arise when the vertical wind shear is
large, are treated in the next section. Significant dynamic
vertical pressure gradient forces act over large depths within
supercells, and these lifting forces are largely independent of
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Figure 8.13 Simulation of multicellular convection in which the hodograph is curved. The hodograph is shown in (a);
the blue numerals indicate heights above ground level in kilometers. The magenta, gray, and green vectors indicate the
cell motion (c), the mean 0–1 km storm-relative wind (v − c), and the 0–1 km vector wind difference (S). In (b)–(d),
horizontal cross-sections show updraft at a height of 5 km (color shading; see the legend) and the −1 K potential
temperature contour (approximately the location of the outflow boundary) at 60, 75, and 90 min, respectively.

the gust front. As a result, supercell propagation tends not to
be driven by the gust front. Supercells sometimes propagate
nearly continuously, in contrast to the discrete propagation
that typifies the motion of multicellular convection.

8.4 Supercellular convection
8.4.1 Definition of a supercell and

characteristics of supercell
environments

Supercells are probably the least common storm type world-
wide, but they nonetheless are responsible for a dispropor-
tionately large fraction of severe weather reports. Almost all

reports of hail having a diameter of 5 cm or larger are asso-
ciated with supercell storms, as are virtually all strong and
violent tornadoes.4 Supercells can also produce extremely
high lightning flash rates, with rates exceeding 200 flashes
per minute possible. Supercells are frequently long-lived
(1–4 h lifetimes are common, and some have been observed
to persist as long as 8 h); in fact, this is probably one reason
why they were originally called supercells. The consen-
sus now seems to favor a dynamical criterion in place of a
longevity criterion for classification of a storm as a supercell.

4 Tornadoes are classified as strong if they have an enhanced Fujita
(EF) scale rating of EF2 or EF3 (estimated winds of 111–165 mph),
and violent if they are rated EF4 or EF5 (>166 mph). Tornadoes are
discussed in greater detail in Section 10.2.
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Figure 8.14 Example of propagation of multicellular convection in a numerical simulation in which the environment
contains horizontally varying moisture. The moisture gradient points toward the south; the base state water vapor mixing
ratios at the surface as a function of latitude are indicated on the far right. The environmental shear is westerly at all
levels. The rainwater (see legend) and vertical velocity (5 and 15 m s−1 isotachs) fields are shown at 4.6 km AGL at t = 2 h
and t = 3 h in order to provide a sense of the locations of convective cells. The −1 K potential temperature contour at the
lowest grid level is highlighted in blue to indicate the gust front location. In a horizontally homogeneous environment,
the convection would propagate toward the east, resulting in a system motion at a speed faster than the mean wind, which
is also westerly. However, the environmental moisture gradient in this case is associated with a CIN gradient, with lesser
(greater) CIN to the south (north) where moisture is above (below) average. Thus, the propagation of the convection has
an additional component toward the south, resulting in an overall system motion toward the southeast. (From Richardson
[1999].)

The widely accepted dynamical criterion is the presence of
a persistent, deep mesocyclone within the updraft. A meso-
cyclone is a region of vertical vorticity with a characteristic
width of 3–8 km and magnitude of O(10−2) s−1. The
mesocyclone should persist long enough for an air par-
cel to pass through the entire updraft (∼20 min), and the
mesocyclone should extend over at least half the depth
of the updraft. In other words, small-scale, shallow, and
transient vortices—for example, those that are routinely
observed along gust fronts, probably as a result of shear
instability—are typically not identified as mesocyclones.
As discussed in Section 8.1, supercells can also be distin-
guished dynamically from nonsupercells by way of their
propagation, which, in contrast to nonsupercells, is not
dominated by the triggering of new cells by the gust front.

Supercells occur in environments containing large ver-
tical wind shear. In other words, long hodographs typify
supercell environments (Figure 8.15). Hodographs are
often also curved, although hodograph curvature is not
required for supercell storms. Curiously, the motion of
supercells tends to deviate significantly from the mean
wind, with cyclonically (anticyclonically) rotating super-
cells having a propagation component to the right (left) of
the mean wind shear. The horizontal vorticity associated
with the large vertical wind shear in supercell environ-
ments is the source of vertical vorticity for the midlevel
mesocyclone by way of the tilting term in the vorticity
equation. The vertical wind shear present in supercell envi-
ronments tends to extend over a significant depth of the
troposphere (Figure 8.15), rather than being confined to



SUPERCELLULAR CONVECTION 215

0

1 
2

3 7654 11
1098

12 km

10 20 30 m s–15 15 25

Figure 8.15 Composite hodograph based on a nation-
wide sample of over 400 proximity soundings in the
environments of cyclonically rotating supercell thunder-
storms in the United States. The proximity soundings
were obtained from Rapid Update Cycle analyses. The
mean storm motion is indicated by the magenta arrow.
Notice that it lies not just to the right of the mean
wind, but to the right of all of the winds that define the
hodograph. (Adapted from Markowski et al. [2003].)

the lowest kilometer or two, which is the case in some
multicell storm environments such that the magnitude of
0–6 km shear might otherwise suggest that sufficient shear
is present for supercells (recall the overlap between storm
types in Figure 8.5). The fact that the vertical shear in
supercell environments tends to span a significant depth of
the troposphere results in significant storm-relative winds
throughout most of the troposphere (Figure 8.15). The
advantages of strong storm-relative winds at low levels
and upper levels were discussed in Section 8.1. Dynami-
cally induced vertical pressure gradients arising from the
interaction of an updraft with vertical wind shear, as well
as dynamical effects associated with the mesocyclone, can
also enhance the updraft in significant ways. It is in this
way that supercells differ from ordinary cells, which are
driven almost solely by buoyancy. Although CAPE tends
to be significant (>1000 J kg−1) in supercell environments,
extreme amounts of CAPE are not necessary for supercells.

8.4.2 Structure of supercells

Visual and radar appearance

Supercells are characterized by a single dominant updraft,
which can have a quasi-steady appearance, depending on
the temporal frequency of observations. An attendant
flanking line of updrafts also can occasionally be seen,
typically located on the right-rear flank (with respect to
storm motion) and shallower than the dominant updraft
closer to the core of heaviest precipitation (Figure 8.16).
Vertical velocities can exceed 50 m s−1 within the most
intense supercell updrafts. The main updraft of a supercell

and its associated mesocyclone are often visually stun-
ning (Figure 8.17). In Doppler radar velocity data, the
mesocyclone is associated with a couplet of inbound and
outbound radial velocities (Figure 8.18). A locally lowered
cloud base called a wall cloud is often present at the base
of the updraft, where humid, rain-cooled air originating
from the precipitation regions is drawn into the updraft,
reaching saturation at a lower altitude than the height at
which ambient environmental air becomes saturated via
lifting (Figure 8.16). A pair of schematics generalizing the
airflow in supercells is presented in Figures 8.19 and 8.20.

The updraft of a supercell is typically associated with
a reflectivity minimum in radar data, called the bounded
weak-echo region or BWER (Figure 8.21). The BWER is
assumed to signify a region of updraft too strong to allow
the descent of hydrometeors and/or a region in which
the Lagrangian timescales are insufficient for precipitation
formation. At low levels, the BWER may not be ‘bounded’,
in which case a weak-echo region or WER exists. The
downward extension of the rear side of the echo overhang
that caps the BWER (Figure 8.21) forms a pendant-shaped
hook echo in radar imagery at low elevations (Figure 8.18).
The hook echo is the best-recognized reflectivity feature
associated with a supercell storm. Although conventional
wisdom suggests that the advection of hydrometeors out of
the main echo core by the mesocyclone plays a major role
in the formation of the hook echo, hook echo formation
in many cases is complicated by precipitation processes
occurring within flanking line cells and the general fact
that hydrometeors are not good tracers of the airflow
because of their large fall speeds.

Downdraft regions

Supercells contain two main downdraft regions. The first
is associated with the hook echo region to the rear of
the storm. This downdraft is referred to as the rear-flank
downdraft or RFD (Figure 8.22). It has long been sur-
mised that the RFD forms when dry mid- and upper-level
winds impinge upon the backside of the updraft, lead-
ing to evaporative chilling and negative buoyancy, and
ensuing downward accelerations (Figure 8.20). However,
downward-directed vertical pressure gradient forces on the
upshear flank of the storm might also play a role in dynam-
ically driving the RFD, and the extent to which RFDs are
thermodynamically versus dynamically forced is not yet
fully understood. If low-θe air at midlevels is entrained
into the RFD, low θe values would likely be observed at the
surface (θe deficits of 10–20 K have been observed, depend-
ing on θe values aloft and the degree of entrainment). If
the RFD is driven predominantly by precipitation loading
and/or dynamic effects, then θe deficits within the RFD can
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Figure 8.16 Structure of what is sometimes termed a classic supercell (other classes of supercells will be introduced later
in this section). Top, horizontal cross-section of low-level radar structure and cloud features. Bottom, schematic of the
visual appearance from the viewpoint of an observer located to the south of the storm. (Adapted from Doswell and Burgess
[1993].)

be considerably smaller (θe deficits as small as just a few
kelvins are sometimes observed). Temperature deficits in
the RFD vary considerably from one supercell to another
(temperature deficits can range from near zero to 10 K),
with the differences among storms likely depending on the
concentration and distribution of hydrometeors within the
RFD, environmental relative humidity, and the degree of
entrainment.

As a result of the deep-layer wind shear and upper-
level storm-relative winds, the bulk of the hydrometeors

are deposited on the forward flank of the updraft. Evap-
oration of rain and the melting and sublimation of ice
lead to the development of negative buoyancy and a
downdraft in this forward-flank region. This downdraft
is appropriately referred to as the forward-flank down-
draft or FFD (Figure 8.22). As was the case for the RFD,
temperature deficits within the FFD also vary significantly
from one storm to another (temperature deficits can range
from 2 to 10 K), depending largely on the low-level relative
humidity, and probably also depending on factors such as
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Figure 8.17 A midlevel mesocyclone is the defining visual characteristic of a supercell storm. Little imagination is needed
to sense the cyclonic vertical vorticity associated with the storm updraft. Photograph by Herb Stein (the Dopper On Wheels
radar is in the foreground).
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Figure 8.18 A hook echo in reflectivity data and an inbound–outbound couplet in radial velocity data are the defining
radar characteristics of supercells in low-altitude radar scans. The images are (a) reflectivity and (b) radial velocity from the
Oklahoma City, OK, radar at 0124 UTC 14 June 1998. The inbound–outbound radial velocity couplet is oriented such that
the zero contour is approximately parallel to the radials, with inbound (outbound) velocities to the west (east), thereby
implying cyclonic vertical vorticity.
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Figure 8.19 Perspective view of a supercell depicting storm-relative airflow and reflectivity structure. The reflectivity
contours are 10, 30, and 50 dBZ. The rear-flank gust front also is shown. (Adapted from Chisholm and Renick [1972].)

the midlevel entrainment of environmental air. The FFD
and RFD collectively produce a surface gust front structure
that resembles, at least kinematically, the frontal struc-
ture associated with a midlatitude extratropical cyclone
(Figure 8.22).

During the intensification of near-ground rotation in a
supercell, if it occurs, a small-scale downdraft known as an
occlusion downdraft may develop in close proximity to the
updraft. Occlusion downdrafts can be viewed as a local-
ized intensification of the RFD, as occlusion downdrafts
are usually embedded within the broader RFD. They are
driven by a downward-directed dynamic vertical pressure
gradient force in association with the amplification of ver-
tical vorticity near the ground. Recall that low pressure is
associated with fluid rotation (Section 2.5.3). If a vertical
gradient of rotation develops, as is the case when vertical
vorticity rapidly amplifies near the ground and exceeds
the vertical vorticity aloft, then so does a vertical gradient
of dynamic perturbation pressure (the resulting acceler-
ation is downward if low-level rotation exceeds midlevel
rotation).

Inflow lows

The inflow into a supercell updraft is commonly strong,
and can be damaging occasionally, with speeds greater than

20 m s−1 possible. The inflow region is associated with a
dynamic pressure minimum of 1– 3 mb called an inflow low.
A similar pressure minimum also can be observed within
the forward-flank outflow (Figure 8.23)—even though this
air is precipitation-cooled and referred to as outflow, some
of this air is ‘recycled’ by the updraft as inflow despite the
negative buoyancy of the air (recall that the dynamic lifting
of this cooler, humidified air is what forms the wall cloud).
The strong dynamic vertical pressure gradient force of a
supercell updraft (Section 8.4.5) enables it to process more
negatively buoyant air than nonsupercells would ordinarily
be able to process.

Because the assumption that ∇2p′ ∝ −p′ (Section 2.5)
loses credibility near rigid boundaries, surface pressure
perturbations are best assessed using a Bernoulli equation.
For example, in the case of steady flow,

ρv2

2
+ p = constant (8.3)

where p, ρ, and v are the air pressure, density, and wind
speed, respectively, along a horizontal streamline. The lhs
of (8.3) is conserved along streamlines, so where flow is
fast, pressure is low, and vice versa. Thus, low pressure
occurs in the inflow region of intense convective storms,
where flow accelerates toward the updraft base. Using (8.3),
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Figure 8.20 Schematic three-dimensional depiction of updraft and downdraft structure in a supercell storm (a) early in
the lifetime and (b) during the mature stage, as proposed by Lemon and Doswell (1979). One aspect of this conceptual
model that should probably not be taken too literally is the implied descent of air from high altitudes all the way to the
surface. (The original figure caption by Lemon and Doswell in fact warns against literal interpretation of the arrows as
actual streamlines or trajectories.) (Adapted from Lemon and Doswell [1979].)
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Figure 8.21 Top, schematic of the reflectivity structure of a supercell, showing the relationship between the bounded
weak echo region (BWER), overshooting top, and hook echo. The green and yellow shading indicates weak, moderate, and
high radar reflectivity visible at low levels (top left) and in a vertical cross-section (top right). Bottom, actual quasi-vertical
cross-section of radar reflectivity factor in a supercell thunderstorm obtained from a helically scanning radar mounted in
the tail of an aircraft at 2306 UTC 16 May 1995 during the Verification of the Origin of Rotation in Tornadoes Experiment
(VORTEX).

the pressure drop, �p, associated with inflow accelera-
tions is

�p = ρ

2

(
v2 − v2

∞
)

, (8.4)

where v is the wind speed near the storm and v∞ is the
wind speed far from the storm. For ρ � 1 kg m−3, inflow
that accelerates from 5 to 20 m s−1 generates an inflow
low having a pressure deficit slightly in excess of 2 mb,
consistent with observations.

Supercell spectrum

The spatial distribution of precipitation within supercells
can vary significantly across what is sometimes called
the supercell spectrum. Supercells having precipitation

characteristics that are similar to the precipitation char-
acteristics originally documented in supercells are now
referred to as classic (CL) supercells (e.g., Figure 8.22).
Whereas classic supercells have most of their precipitation
on the forward flank, with only a small amount within
the hook echo at the rear of the updraft, low-precipitation
(LP) supercells have nearly all of their precipitation far
displaced from the updraft in the forward region of the
storm, where much of it evaporates before reaching the
surface (Figure 8.24). LP storms can appear visually
spectacular (Figure 8.25), but their radar appearance
often exhibits only weak echo (<45 dBZ) without a hook-
shaped appendage. Downdrafts tend to be weak,
and the RFD can be absent entirely. Tornadoes are
rare in such storms. On the other hand, heavy- or
high-precipitation (HP) supercells have a large amount
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Figure 8.22 (Left) Schematic representation of a supercell thunderstorm, adapted from the conceptual model presented
by Lemon and Doswell (1979). The green shading approximates the precipitation region as viewed by radar (e.g., radar
reflectivity factor >30 dBZ). Within this region, the locations of the forward-flank downdraft (FFD) and rear-flank downdraft
(RFD) are indicated. The pink shading approximates the main updraft region (U). The typical location of a tornado, if one
occurs, is also indicated (T). The outflow boundary is indicated by the barbed contour. A few storm-relative streamlines are
drawn. The star indicates the approximate vantage point of the photograph appearing on the right. (Right) Photograph of
a tornadic supercell that closely resembles the schematic shown on the left. The labels in the photograph correspond to
the same features depicted in the schematic. Photograph courtesy of Erik Rasmussen.
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Figure 8.23 Pressure perturbations at the lowest grid level (z = 125 m) in a numerical simulation of a supercell. Contours
are every 0.5 mb; dashed contours are used for negative values. The gust front is indicated with a blue barbed line
(the gust front follows the −1 K potential temperature perturbation contour). The three green levels indicate rainwater
concentrations of 1–3 g kg−1, 3–5 g kg−1, and >5 g kg−1, respectively, at z = 1125 m. The two pink levels indicate
where updraft speeds are 8–12 m s−1 and >12 m s−1, respectively, at z = 1125 m. Note the prominent pressure minimum
immediately east of the updraft; the pressure minimum is in a region of strong easterly winds flowing toward the updraft.
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Figure 8.24 As in Figure 8.16, but for a low-precipitation (LP) supercell. (Adapted from Doswell and Burgess [1993].)

of precipitation within the hook echo region and on the
backside of the storm (Figure 8.26). Visually, the updraft
may be difficult to see if it is engulfed in rain, and on
radar HP storms can take on a kidney-bean appearance.
Downdrafts can be intense. Tornadoes are not as common
in HP supercells as in classic supercells, perhaps because the
downdrafts are so strong that they repeatedly undercut the

updraft with cold outflow (the importance of downdrafts
in tornadogenesis is discussed in Section 10.2.2). Large
hail and damaging downburst winds are common with HP
supercells, however.

The classification of supercells is rather subjective, in
part because storms may visually appear to fall into one
class, but the radar appearance may suggest another class.
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Figure 8.25 Photographs of an LP (top) and HP (bottom) supercell. Photographs by Eric Nguyen.

The LP-CL-HP supercell classes should be viewed as a
continuum. The part of the continuum that appears to
pose the most dangerous tornado threat is the LP-CL tran-
sition region. It has been found that supercell type, at
least in the case of isolated storms, is a strong function of
the upper-level storm-relative winds near the level of the
anvil (e.g., at 9–12 km).5 When upper-level storm-relative
winds are weak (approximately <18 m s−1), hydrometeors
tend to fall near the updraft, with a substantial amount

5 See Rasmussen and Straka (1998).

of precipitation wrapping around the updraft, therefore
favoring an HP supercell. When upper-level storm-relative
winds are strong (approximately>28 m s−1), hydrometeors
are deposited far downstream of the updraft, and very
little falls near the updraft, therefore favoring an LP
supercell. Classic supercells tend to occur for a mid-
dle range of upper-level storm-relative winds (roughly
18–28 m s−1). In the case of multiple storms, precipitation
originating in one storm may fall into and seed nearby
storms, tending to push them toward the HP end of the
spectrum.
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Figure 8.26 As in Figure 8.16, but for a heavy-precipitation (HP) supercell. (Adapted from Doswell and Burgess [1993].)

8.4.3 Origins of midlevel rotation

Linear theory of midlevel mesocyclogenesis

The origin of midlevel rotation in supercells is relatively
well understood. As we shall see later, the development
of rotation near the surface involves additional factors,
principally the development of downdrafts. In examining
the development of midlevel rotation within an updraft, we
begin with the vertical vorticity equation written as

∂ζ

∂t
= −v · ∇ζ + ω · ∇w (8.5)

= −u
∂ζ

∂x
− v

∂ζ

∂y
− w

∂ζ

∂z
+ ξ

∂w

∂x
+ η

∂w

∂y
+ ζ

∂w

∂z

= −u
∂ζ

∂x
− v

∂ζ

∂y
− w

∂ζ

∂z︸ ︷︷ ︸
advection

+
(

∂w

∂y
− ∂v

∂z

)
∂w

∂x
+

(
∂u

∂z
− ∂w

∂x

)
∂w

∂y︸ ︷︷ ︸
tilting

+
(

∂v

∂x
− ∂u

∂y

)
∂w

∂z︸ ︷︷ ︸
stretching

where ω = (ξ , η, ζ ) is the three-dimensional relative vor-
ticity vector, and we have neglected the Coriolis force and
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baroclinic generation of vertical vorticity, which do not
contribute to ∂ζ/∂t in a major way.6

A linearized vertical vorticity equation is sufficient to
account for mesocyclogenesis. Substituting u = u(z) + u′,
v = v(z) + v′, w = w′, and ζ = ζ ′ into (8.5) and neglect-
ing the products of perturbations yields7

∂ζ ′

∂t
= −u

∂ζ ′

∂x
− v

∂ζ ′

∂y︸ ︷︷ ︸
advection

+∂u

∂z

∂w′

∂y
− ∂v

∂z

∂w′

∂x
,︸ ︷︷ ︸

tilting

(8.6)

6 It can be shown that the vertical vorticity production due to the
convergence of f is small compared with the production of vertical
vorticity by tilting if fD/SL 	 1, where D is the updraft depth scale,
L is the updraft horizontal length scale, and S is the vertical wind
shear magnitude. In supercell environments, fD/SL ∼ 0.01. Regarding
the baroclinic generation of ζ , it is also small (it vanishes if the
Boussinesq approximation is made). Baroclinic vorticity generation can
be important indirectly, as we shall see later, by generating horizontal
vorticity that subsequently can be tilted to produce vertical vorticity.
7 Note that ζ = 0 if u and v are functions of z only.

which can be written as

∂ζ ′

∂t
= −v · ∇hζ

′︸ ︷︷ ︸
advection

+S × ∇hw
′ · k,︸ ︷︷ ︸

tilting

(8.7)

where the mean vertical wind shear is S = ∂v/∂z. Note that
the mean velocity vector v only has horizontal components
(v = ui + vj). Hereafter mean variables will be taken to
represent the environment.

It is easier to interpret (8.7) if it is rewritten so that ∂ζ ′/∂t
is considered in the moving reference frame of the updraft.
If the updraft moves with a constant velocity c, then

(
∂ζ ′

∂t

)
sr

= −(v − c) · ∇hζ
′︸ ︷︷ ︸

advection

+S × ∇hw
′ · k,︸ ︷︷ ︸

tilting

(8.8)

where v − c is the storm-relative wind and (∂ζ ′/∂t)sr

is the vertical vorticity tendency in the storm-relative
reference frame. The second term on the rhs of (8.8) is
responsible for generating ζ ′ by way of tilting of horizontal

Figure 8.27 Vertical vorticity is acquired by supercells via tilting of horizontal vorticity associated with the vertical shear
of the environmental wind profile. (a) Photograph of a supercell updraft. A schematic vortex line has been overlaid. The
striated, laminar appearance in the lower portion of the updraft is a visual manifestation of negatively buoyant air being
forcibly lifted by a strong, upward-directed, dynamic perturbation pressure gradient force. Such forces arise when buoyant
convection develops in environments containing significant vertical wind shear (Section 8.4.5). Photograph courtesy of
Eric Nguyen. (b) Numerically simulated supercell updraft (the gray isosurface is the cloud boundary) with actual vortex
lines drawn. The vortex lines originate in the low-level inflow and pass through the midlevel mesocyclone. (The model
output was displayed using the Vis5D visualization software.)
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Figure 8.28 Sometimes when cumulus clouds dissipate
in environments containing strong vertical wind shear, a
horseshoe vortex is observed. The horseshoe vortex can be
thought of as a visual manifestation of a vortex tube that
has been tilted and deformed by the small-scale updraft
associated with the cumulus cloud. Photograph by Charles
Edwards.

vorticity associated with the mean vertical wind shear by
vertical velocity gradients (Figures 8.27 and 8.28). The
first term on the rhs of (8.8) represents advection of ζ ′
by the storm-relative wind. This term shifts the ζ ′ field
horizontally within the updraft once ζ ′ has developed. Note
that only the tilting term can lead to the development of ζ ′
because the advection term is zero when ζ ′ is everywhere
zero. As an updraft intensifies, vorticity that has been tilted
into the vertical is also amplified substantially by stretching
(ζ ′ ∂w′/∂z), which is a nonlinear effect absent from (8.8).

A more detailed examination of (8.8) reveals that the
tilting term produces a vorticity couplet that straddles the
location of maximum updraft (wmax), with ζ ′ > 0 (ζ ′ < 0)
on the right (left) side of wmax, if looking downshear
(Figure 8.29). (Use the right-hand rule to convince yourself
that the above relationship is correct—the vorticity couplet
produced by tilting is aligned orthogonally with respect to
the shear direction.)

Now consider more carefully the advection term in
(8.8). Note that ∇hζ

′ points 90◦ to the right of S, that is,
in the opposite direction to the environmental horizontal

w ′  k = 0

hw ′

hw ′

hw ′hw ′

∆ ∆
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∆
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Figure 8.29 Evaluation of (∂ζ ′/∂t)sr via the tilting term
(S × ∇hw

′ · k) in (8.8). The illustration shows the hor-
izontal cross-section of an updraft (pink) at midlevels,
indicating the relationship among ζ ′ (the sense of rota-
tion is given by the curved blue arrows), S, and ∇hw

′.

vorticity, ωh (Figure 8.30). When v − c points in the direc-
tion normal toωh, we have what is termed crosswise vorticity,
in contrast to streamwise vorticity, which is present when
v − c points in the same direction as ωh (recall Section
2.7.4). The sense of rotation for parcels containing mainly
crosswise vorticity is like that of an American football rotat-
ing end over end, whereas for parcels containing mainly
streamwise vorticity, the sense of rotation is like that of a
football thrown as a spiral. When the vorticity is crosswise,
−(v − c) · ∇hζ

′ = 0 at the location of maximum updraft
(Figure 8.30a). Therefore, (∂ζ ′/∂t)sr = 0 at the location
of maximum updraft (assumed to be the center of the
updraft in Figures 8.29 and 8.30), which implies that there
is no shifting of the vorticity couplet within the updraft
in the cross-shear direction. The vorticity couplet straddles
the updraft maximum, although the vorticity couplet is
shifted slightly downshear because of nonzero advection of
ζ ′ by the storm-relative wind in the along-shear direction
(Figures 8.30a and 8.31a).

At the other extreme, when v − c points in the same
direction as ωh (i.e., the vorticity is purely streamwise),
−(v − c) · ∇hζ

′ > 0 at the location of maximum updraft
(Figure 8.30b). Therefore, (∂ζ ′/∂t)sr > 0 at the location of
maximum updraft, which shifts the cyclonic vortex (ζ ′ > 0)
toward the maximum updraft (i.e., the maximum updraft
becomes collocated with cyclonic vorticity) (Figures 8.30b
and 8.31b). The anticyclonic vortex (ζ ′ > 0) is shifted
outside of the updraft into a proximate downdraft. Also
see Figure 8.32, which illustrates the dynamics in terms of
lifting of vortex lines by flow over an isentropic (i.e., θ =
constant) hill.

The downshear shift of the ζ couplet in the crosswise
vorticity case is not as large as the cross-shear shift in the
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Figure 8.30 Evaluation of (∂ζ ′/∂t)sr via the advection term (−(v − c) · ∇hζ
′) in (8.8), based on the fact that the tilting

term leads to a couplet of vertical vorticity straddling the updraft and oriented normal to the shear vector (cf. Figure 8.29),
for the cases of (a) crosswise vorticity and (b) streamwise vorticity. The relationship between the vertical vorticity and
vertical velocity fields resulting from the sum of the advection and tilting terms is also shown. As in Figure 8.29, the
illustration shows the horizontal cross-section of an updraft (pink) at midlevels and the relationship among ζ ′ (its sense is
given by the curved blue arrows), S, ωh, v − c, and ∇hζ

′. The lateral shifting of the ζ ′ field within the updraft cross-section
depends on the orientation of v − c with respect to ωh (and ∇hζ

′, which points in the opposite direction to ωh). This
orientation is related to whether the environmental horizontal vorticity is streamwise or crosswise.

ζ couplet in the streamwise vorticity case, because |∇hζ
′|

is larger between the cyclonic and anticyclonic vorticity
centers than it would be upshear or downshear of either
vorticity center (a larger ζ ′ differential exists between a neg-
ative and a positive ζ ′ extremum than between a location
where ζ ′ = 0 and either a negative or positive ζ ′ extremum;
Figure 8.31a). Furthermore, the midlevel cyclonic vortic-
ity in the streamwise vorticity case is stronger than the
midlevel anticyclonic vorticity owing to positive stretching
(Figure 8.31b). For the same reason, the midlevel cyclonic

vorticity in the streamwise vorticity case is stronger than
the midlevel cyclonic vorticity in the crosswise vorticity
case (cf. Figures 8.31a and 8.31b).

The degree to which the vertical vorticity and verti-
cal velocity maxima are correlated (i.e., whether a vertical
vorticity maximum is nearly collocated with the vertical
velocity maximum or whether a pair of counter-rotating
vortices straddle the vertical velocity maximum) can be
quantified in terms of the relative magnitudes of the envi-
ronmental streamwise and crosswise vorticity, ωs and ωc,
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(a) straight hodograph
(all of the horizontal vorticity initially ingested is crosswise)

15 m s–1

0 6 km

15 m s–1

0 6 km

(b) semicircle hodograph
(most of the horizontal vorticity initially ingested is streamwise)

Figure 8.31 Vertical vorticity fields at z = 5 km at t = 25 min in numerical simulations in which an isolated storm
is initiated using a warm bubble in an environment having (a) a straight hodograph and (b) a semicircular hodograph.
Vertical vorticity contours are drawn every 2.5×10−3 s−1. Solid (dashed) contours indicate positive (negative) values, and
the zero contour is suppressed. The thin black contour encloses the region where the vertical velocity exceeds 5 m s−1. The
sounding had approximately 2500 J kg−1 of CAPE. The hodographs are shown in each of the two panels; the magenta square
indicates the mean updraft motion in the first 25 min of the simulations. In the straight-hodograph environment, the
horizontal vorticity ingested in the early stages of storm development is purely crosswise. Note that the updraft is straddled
by a couplet of cyclonic and anticyclonic vorticity of equal magnitude. In the semicircular hodograph environment, the
updraft acquires net cyclonic rotation and the anticyclonic vorticity is predominantly within a downdraft.

respectively. The correlation coefficient r between ζ ′ and
w′, to a good approximation, is8

r ≈ ωs

(P2 + 1)1/2(ω2
s + ω2

c )1/2
= (v − c) · ωh

(P2 + 1)1/2|v − c||ωh|

= |v − c||ωh| cos φ

(P2 + 1)1/2|v − c||ωh| = cos φ

(P2 + 1)1/2
, (8.9)

where P = σL/|v − c|, σ is the growth rate of an isentropic
surface, L is a length scale across the updraft, φ is the angle
between v − c and ωh, and cos φ is sometimes referred
to as the relative helicity, which can be viewed as the
fraction of the horizontal vorticity that is streamwise. When
cos φ ≈ 0 (vorticity in the storm inflow is purely crosswise),
a vorticity couplet straddles the updraft, as discussed above
(Figures 8.30a, 8.31a, and 8.32a), yielding no net rotation
if ζ ′ is averaged over the entire updraft (i.e., r = 0). When
cos φ ≈ 1 and P is small owing to a small growth rate and

8 See Davies-Jones (1984).

large storm-relative wind speeds, the w′ and ζ ′ fields nearly
coincide (i.e., a nearly purely cyclonically rotating updraft
results; Figures 8.30b and 8.32b). Because of buoyancy
(i.e., σ 
= 0), which promotes positive vertical velocity over
the entire isentropic hill, the correlation between vertical
vorticity and vertical velocity can never be exactly unity
(e.g., Figure 8.31b).

Summarizing the development of midlevel rotation
within a thunderstorm updraft, initially a vorticity couplet
develops owing to the tilting of environmental horizontal
vorticity. This is immediately advected by the storm-relative
winds such that, depending on the degree to which the
horizontal vorticity has a streamwise component, the rota-
tion and updraft can become more in phase. The relative
magnitudes of the streamwise versus crosswise vorticity
components are sensitive to storm motion. For example,
once deviate storm motion commences (recall that cycloni-
cally [anticyclonically] rotating supercells propagate to the
right [left] of the mean wind), the horizontal vorticity
typically becomes more streamwise with respect to the
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Figure 8.32 Tilting of environmental horizontal vorticity along a hill of constant entropy produces vertical vorticity,
whereas storm-relative flow leads to positive (negative) vertical motion on the uphill (downhill) side of the isentropic hill
and growth of the hill contributes to positive vertical motion everywhere on the hill. The correlation between w′ and ζ ′
depends on the orientation of the horizontal vorticity ωh relative to the storm-relative mean wind, v − c. (a) Tilting of
purely crosswise vorticity by an isentropic hill leads to a vortex couplet with zero correlation between w′ and ζ ′. (b) Tilting
of purely streamwise vorticity by an isentropic hill leads to a correlation between w′ and ζ ′ of nearly unity. (Adapted from
Davies-Jones [1984].)
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deviate motion. We shall soon find that the rotation
that develops within supercells leads to pressure pertur-
bations and gradients of pressure perturbations, which
in turn affect the motion of updrafts themselves. In other
words, updraft rotation and propagation are related to each
other. The nature of this relationship is explored further in
Section 8.4.5.

Application of potential vorticity conservation
to midlevel mesocyclogenesis

Another means by which the tilting process can be concep-
tualized is by way of Ertel’s potential vorticity conservation
(Section 2.4.5),

d

dt

(
ω · ∇θe

ρ

)
= 0, (8.10)

where θe is an appropriate conservative variable for dry
and moist adiabatic motions and the Coriolis force has
been neglected. Because θe is not a state variable for dry
adiabatic motions, (8.10) is only approximately correct in
subsaturated regions.9

In most environments, ∇θe points approximately
downward toward the ground (i.e., θe typically decreases
with height much more rapidly than it varies horizontally).
In supercell environments, the horizontal vorticity
components (ξ and/or η) are typically one to two orders of
magnitude larger than the vertical component (∼10−2 s−1

versus ∼10−3 –10−4 s−1) (recall that we assumed ζ = 0 in
deriving (8.8)). Therefore, ω is oriented quasihorizontally,
or roughly perpendicular to ∇θe, and ω · ∇θe ≈ 0. In
this situation, conservation of Ertel’s potential vorticity
requires that ω · ∇θe ≈ 0 for all time. Because ω · ∇θe ≈ 0,
vortex lines lie within θe surfaces for all time (in the
absence of mixing). In a thunderstorm, θe surfaces bulge
upward (downward) within the updraft (downdraft),
along with the environmental vortex lines (Figure 8.27).
Vertical vorticity is present where θe surfaces are sloped.
Whereas (8.8) applies only to linear flows, (8.10) applies
to fully nonlinear flows (e.g., those that contain significant
vorticity stretching).

Storm-relative helicity

Helicity is a measure of the degree to which the direction
of fluid motion is aligned with the vorticity of the fluid.

9 To be exact, the rhs of (8.10) should be −αJ(B, θe), where α = 1/ρ,
B is buoyancy, and J is the Jacobian operator. When air is saturated,
B = B(θe, z) and −αJ(B, θe) = 0. When air is unsaturated (e.g., for dry
adiabatic motions), −αJ(B, θe) is nonzero but remains relatively small,
so that (8.10) is reasonably accurate for both dry and moist adiabatic
motions. See Rotunno and Klemp (1985).

Helicity is therefore closely related to streamwise vorticity.
Flows that are said to be highly helical are dominated by
streamwise vorticity. Mathematically, helicity, H, is the
covariance or dot product of the velocity and vorticity
vectors,

H = v · ω = v · ∇ × v. (8.11)

Obviously, H = 0 when the velocity vector is normal to the
vorticity vector. Flows in which the velocity is everywhere
parallel to the vorticity are called Beltrami flows.

Although the concept of helicity originates in the field of
fluid dynamics, it has also been applied to supercell storms
because, as will be shown, it is related to streamwise vorticity
and also possibly the longevity of supercells. Helical flows
tend to suppress turbulence, and some have hypothesized
that the helical updrafts of supercells may partly explain
their longevity.

In its application to convective storms, it is customary
to integrate the helicity associated with the environmental
wind (v) and vorticity (ω) over some depth d that is roughly
taken to be the depth of a storm’s inflow (1–3 km depths
are most commonly assumed), that is,

H =
∫ d

0
v · ωh dz (8.12)

where ω = ωh = ξ i + ηj if u = u(z) and v = v(z), as was
assumed before. Assuming w = 0, then

ωh =
(

−∂v

∂z
,
∂u

∂z

)
= k × S. (8.13)

Only the helicity in the storm-relative reference frame
is relevant because the moving updraft of the storm is
the tilting mechanism. From (8.12) and (8.13), it follows
that the storm-relative helicity (SRH) of the environment
[SRH derived from a sounding sometimes is referred to as
storm-relative environmental helicity (SREH)] is

SRH =
∫ d

0
(v − c) · ωh dz =

∫ d

0
|v − c|ωs dz

= −
∫ d

0
k · (v − c) × S dz. (8.14)

SRH can be evaluated graphically from a hodograph. The
magnitude of the SRH is equal to twice the area bounded
by a hodograph and the tip of the storm motion vector
(Figure 8.33).10 The SRH is positive (negative) if the area
is associated with streamwise (antistreamwise) vorticity.
Moreover, given a vertical profile of N wind observations,

10 The relationship between SRH and the area bounded by the hodograph
and storm motion can be derived by applying Green’s theorem to (8.14).
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Figure 8.33 Illustration of the graphical relationship
between SRH and the hodograph. The shaded area rep-
resents half of the SRH present in the layer from z = 0
to z = d for the given storm motion (magenta vector),
which results in streamwise vorticity for the given wind
profile. The green shaded region comprises a quarter cir-
cle of radius 5 m s−1 plus a square having dimensions
5 m s−1 × 5 m s−1. Thus, the area of the green region
is (5 m s−1)2π/4+(5 m s−1)2 ≈ 45 m2 s−2, which gives
an SRH of ≈ 90 m2 s−2 (the SRH is positive in this case
because the horizontal vorticity is streamwise for the
given storm motion).

the SRH can be computed via11

SRH =
N−1∑
n=1

[(un+1 − cx)(vn − cy) − (un − cx)(vn+1 − cy)],

(8.15)
where c = (cx, cy).

In addition to the 0–6 km vertical shear, SRH is also
often used to forecast the likelihood of supercells. Values
of 0–3 km SRH greater than approximately 150 m2 s−2

indicate a potential for supercells (strictly speaking, SRH
should probably be regarded as a mesocyclone predictor,
but, then again, mesocyclones are the defining characteris-
tic of supercells). Although the magnitude of the 0–6 km
vector wind difference and SRH are seemingly indepen-
dent of each other, in reality they tend to be somewhat
correlated such that, with few exceptions, magnitudes of
the 0–6 km vector wind difference suggestive of supercells

11 Observing platforms really measure u and v rather than u and v.
Thus, calculations of SRH and other prognostic variables must usually
utilize u and v observations, which can vary significantly in space and
time as a result of boundary layer dry convection (recall Figure 7.17)
or the influence of an air mass boundary. Although such heterogeneity
can make the representativeness of the wind observations from a single
sounding questionable, there is usually no way to extract u and v from
single-sounding observations of u and v.

(i.e., >15–20 m s−1) also tend to be associated with SRH
values that favor mesocyclones. In outbreaks of supercells
and tornadoes, 0–3 km SRH values exceeding 400 m2 s−2

are occasionally observed. The SRH in the shallower 0–1 km
layer can discriminate between tornadic and nontornadic
supercells. More will be said on this matter in Section 10.2.

8.4.4 Baroclinically generated horizontal
vorticity and its effect on the
mesocyclone

As shown above, the presence of large environmental wind
shear and its implied environmental horizontal vorticity
are critical for mesocyclogenesis. However, the outflow
that unavoidably accompanies mature storms generates
additional horizontal vorticity via horizontal buoyancy
gradients. The outflow that is usually most relevant is the
outflow associated with the FFD, because a significant frac-
tion of the low-level inflow tends to pass through this region
en route to the updraft (Figure 8.22). As discussed earlier,
it is the lifting of this cooler, humidified air that gives rise to
the cloud lowering known as the wall cloud (Figure 8.16).

This storm-scale, internally generated horizontal vor-
ticity from the FFD outflow can augment the horizontal
vorticity present in the ambient environment, leading to
larger overall horizontal vorticity available for tilting, at
least if the environmental horizontal vorticity and storm-
generated horizontal vorticity have components in the same
direction (Figure 8.34). Indeed, the mean supercell hodo-
graph shown in Figure 8.15 implies that, on average, the
environmental horizontal vorticity and storm-generated
horizontal vorticity would tend to add to each other.
Easterly low-level storm-relative winds are implied by the
hodograph in Figure 8.15, as is approximately easterly envi-
ronmental low-level horizontal vorticity (S points toward
the north at low levels). Thus, the low-level environmental
vorticity has a large streamwise component. If the precip-
itation falls in an elongated west–east zone (recall from
Section 8.1 that hydrometeors tend to be distributed in
the direction of the deep-layer wind shear and upper-level
storm-relative winds, which roughly point toward the east
in Figure 8.15), then easterly inflow to the updraft pass-
ing along the southern flank of the cold pool will have
a significant velocity component parallel to the approxi-
mately zonally oriented low-level isentropes (Figures 8.22
and 8.34). Any horizontal vorticity generated baroclini-
cally would point toward the west if the cold air is to the
north. The baroclinic vorticity would therefore have a large
streamwise component and also point in approximately
the same direction as the low-level environmental vorticity,
thereby adding to it.
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FFD
Bh ∆

Figure 8.34 Schematic of a supercell thunderstorm in westerly mean shear, viewed from the southeast, at a stage when
low-level rotation is intensifying. The cylindrical arrows depict the storm-relative winds. The black lines are vortex lines,
with the sense of rotation indicated by the circular arrows. The blue barbed line marks the gust front. The orientation of
the horizontal buoyancy gradient, ∇hB, is also indicated. (Adapted from Klemp [1987].)

Numerical simulations have demonstrated that the mag-
nitude of the baroclinic horizontal vorticity generated along
the immediate cool side of the FFD gust front can be com-
parable to or exceed the magnitude of the environmental
horizontal vorticity. This result is not surprising given the
following scale analysis, where the change in horizontal
vorticity following an air parcel moving parallel to the
buoyancy isopleths, �ωs, is [cf. (2.94)]

�ωs = g

θ v

∂θρ

∂n

�s

vs
, (8.16)

where s and n represent directions parallel and perpendic-
ular to the flow, respectively, ωs is the streamwise vorticity
component, θρ is the density potential temperature, and
vs is the storm-relative wind speed in the baroclinic zone.
For ∂θρ/∂n � 1 K km−1 and vs � 15 m s−1, a streamwise
horizontal vorticity �ωs � 10−2 s−1 is generated over a
distance �s � 5 km.

For a given horizontal vertical velocity gradient ∇hw,
the tilting rate increases with increasing horizontal vortic-
ity ωh via (8.5). Tilting of the baroclinically enhanced

low-level horizontal vorticity therefore produces more
significant vertical vorticity at low altitudes than does
the tilting of environmental vorticity alone (as in early
stages of supercell development). Thus, the formation of
low-level mesocyclones usually awaits the development
of an extensive forward-flank precipitation region and
outflow. As discussed above, although baroclinic vortic-
ity generated within the FFD outflow might generally
be expected to augment environmental horizontal vor-
ticity, in some situations the environmental horizontal
vorticity is not predominantly streamwise, nor is it nec-
essarily always in the same direction as the baroclinic
vorticity that is generated (Figure 8.15 shows only a mean
hodograph obtained from supercell environments). Some
numerical simulations have suggested that the orienta-
tion of the low-level environmental vorticity and the
orientation of the baroclinically generated vorticity to
the low-level environmental vorticity can influence the
intensity and longevity of low-level mesocyclones, with
stronger and more persistent low-level rotation developing
when low-level environmental vorticity is streamwise and
the baroclinically generated vorticity points in the same
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direction as the low-level environmental vorticity. The spa-
tial distribution of precipitation, controlled in large part
by the deep-layer shear and storm-relative winds, affects
the spatial distribution of negative buoyancy and baro-
clinic vorticity generation, and therefore also likely exerts
a significant influence on the characteristics of low-level
mesocyclones.

The presence of a low-level mesocyclone is not a
sufficient condition for tornadogenesis, nor does the likeli-
hood of tornadogenesis necessarily increase with increasing
low-level mesocyclone intensity or longevity.12 The gener-
ation of vertical vorticity at the surface—a requisite for
tornadogenesis—requires that a downdraft be involved in
the tilting process, at least if there is no significant preex-
isting vertical vorticity at the surface. Because air parcels
rise away from the ground as they experience vorticity tilt-
ing by an updraft alone (the vertical advection of vertical
vorticity offsets the generation of vertical vorticity from
tilting), tilting by an updraft alone can never lead to vertical
vorticity at the surface. If a downdraft in proximity to an
updraft is also involved in the tilting process, however, air
can descend toward the surface as tilting generates positive
vertical vorticity. The vertical velocity gradients associated
with the FFD are usually an order of magnitude weaker
than the vertical velocity gradients at the interface between
the updraft and RFD (the RFD tends to be more intense
and smaller in scale; both of these factors lead to larger
∇hw in the vicinity of the RFD). Thus, the RFD is likely
to be of more direct importance in tornadogenesis than
the FFD. The importance of the FFD is in the production
of horizontal vorticity by horizontal buoyancy gradients
within the FFD outflow; that is, it is the baroclinity of the
FFD outflow that is being emphasized rather than vortic-
ity tilting by the FFD. A much more detailed discussion
appears in Section 10.2.2, where tornadogenesis is treated
separately.

8.4.5 Supercell propagation

Dynamic perturbation pressures

To investigate the dynamics that give rise to supercell prop-
agation, we begin by recalling the relationship between
the pressure field and the three-dimensional wind and
buoyancy fields. It was shown in Section 2.5 that a
diagnostic pressure equation can be obtained by taking the

12 Field experiment observations, albeit only obtained in a relatively
limited number of supercells, have shown that tornadic supercells
actually tend to have weaker forward-flank baroclinity than nontornadic
supercells (Shabbott and Markowski, 2006). More will be said of this
curious result in Section 10.2.2.

divergence (∇·) of the momentum equations. Let us begin
by writing (2.137) as

p′ ∝

[(
∂u′

∂x

)2

+
(

∂v′

∂y

)2

+
(

∂w′

∂z

)2
]

︸ ︷︷ ︸
fluid extension terms

+2
(

∂v′
∂x

∂u′
∂y + ∂w′

∂x
∂u′
∂z + ∂w′

∂y
∂v′
∂z

)
︸ ︷︷ ︸

nonlinear dynamic pressure perturbation, p′
dnl

+2S · ∇hw
′︸ ︷︷ ︸

linear dynamic pressure perturbation, p′
dl

−∂B

∂z︸ ︷︷ ︸
buoyancy pressure term, p′

b

.

(8.17)
The terms in square brackets on the rhs of (8.17) are
sometimes called fluid extension terms.

The nonlinear dynamic pressure perturbation can be
simplified if some assumptions are made. Let us suppose
that we are interested only in the interior of a strongly
rotating updraft, such that the following components of
the deformation can be neglected to a reasonable approxi-
mation,

∂v′

∂x
+ ∂u′

∂y
= ∂w′

∂y
+ ∂v′

∂z
= ∂w′

∂x
+ ∂u′

∂z
= 0, (8.18)

which implies that

∂v′

∂x
= −∂u′

∂y

∂w′

∂y
= −∂v′

∂z

∂w′

∂x
= −∂u′

∂z
. (8.19)

If horizontal vorticity is also negligible, then

∂w′

∂y
− ∂v′

∂z
= ∂u′

∂z
− ∂w′

∂x
= 0, (8.20)

which implies that

∂w′

∂y
= ∂v′

∂z

∂u′

∂z
= ∂w′

∂x
. (8.21)

From (8.19) and (8.21), it can be deduced that

∂u′

∂z
= ∂v′

∂z
= ∂w′

∂x
= ∂w′

∂y
= 0. (8.22)

At this point only the nonlinear dynamic term 2 ∂v′
∂x

∂u′
∂y

remains. Because we have assumed that ∂v′
∂x = − ∂u′

∂y [from

(8.19)], the remaining nonlinear dynamic term 2 ∂v′
∂x

∂u′
∂y can
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be written as

2
∂v′
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∂y
= −1
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− 2
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= −1
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= −1

2

(
∂v′
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2
ζ ′2 (8.23)

Using (8.22) and (8.23), we can write (8.17) as

p′ ∝
[(

∂u′

∂x

)2

+
(

∂v′

∂y

)2

+
(

∂w′

∂z

)2
]

︸ ︷︷ ︸
fluid extension terms

−1

2
ζ ′2︸ ︷︷ ︸

spin term︸ ︷︷ ︸
nonlinear dynamic pressure perturbation, p′

dnl

+ 2S · ∇hw
′︸ ︷︷ ︸

linear dynamic pressure
perturbation, p′

dl

−∂B

∂z
.︸ ︷︷ ︸

buoyancy pressure perturbation, p′
b

(8.24)

Although all of the terms on the rhs of (8.24) can
contribute equally to p′, our focus hereafter is on the
contribution of the dynamic vertical perturbation pressure
gradient force (−α∂p′

d/∂z; also known as dynamic forcing)
to the vertical acceleration (dw/dt). Thus, we shall not
consider the buoyancy pressure perturbation (∝ −∂B/∂z)
further. Moreover, in supercell updrafts, the fluid extension
terms do not contribute to ∂p′

d/∂z as much as the ζ ′2 and
S · ∇hw

′ terms. Therefore, we shall assume that

−∂p′
d

∂z
∝ 1

2

∂ζ ′2

∂z︸ ︷︷ ︸
nonlinear dynamic forcing

−2
∂

∂z
S · ∇hw

′,︸ ︷︷ ︸
linear dynamic forcing

(8.25)

where the contribution to the vertical acceleration is
upward (downward) when the terms on the rhs are positive
(negative).

In supercells, unlike ordinary cells, the contribution to
dw/dt from −α∂p′

d/∂z has the same order of magnitude
as the contribution to dw/dt from −α∂p′

b/∂z + B (also
known as buoyancy forcing). Below cloud base, upward-
directed dynamic forcing, due to both the linear and
nonlinear terms appearing above, is responsible for forc-
ing negatively buoyant air to the LFC. This forced lifting
of stable air often gives rise to visually spectacular, lam-
inar, striated low-level clouds in supercells (Figures 8.17
and 8.27a).

The effects of nonlinear dynamic forcing

Let us take a closer look at the nonlinear dynamic forcing
term in (8.25). It may seem strange that we are examining
the nonlinear term before looking at the linear term, but
nonlinear effects often play an important role in the early
evolution of a supercell updraft.

The nonlinear dynamic forcing term promotes updraft
splitting at early stages in storm evolution, at least in
cases when significant crosswise vorticity is present
(Figure 8.35b). Tilting of crosswise vortex lines leads to
a couplet of counter-rotating vortices that straddle the
midlevel updraft (Figure 8.36). Low pressure is found
where |ζ ′| is large, regardless of the sign of ζ ′ (i.e., elevated
pressure minima are produced in both the cyclonic and
anticyclonic members of the vortex couplet). Because
|ζ ′| is a maximum on the midlevel updraft flanks, p′
is a minimum on the midlevel updraft flanks, and an
upward-directed dynamic vertical perturbation pressure
gradient force arises on the flanks below the level of
maximum |ζ ′| (the maximum is usually found 4–8 km
above the ground). The upward-directed dynamic pressure
gradient forces on the opposing flanks cause the updraft to
split (Figures 8.37 and 8.38). The splitting process, when it
occurs, is observed within approximately 30–60 minutes
of storm initiation, and can occur multiple times. Splitting
is also encouraged by rainwater and associated downdraft
formation along the axis of the initial updraft, but a rainy
downdraft is not required for splitting.

Updraft splitting leads to the formation of right- and
left-moving storms, sometimes called right movers and
left movers, respectively. Right and left are defined with
respect to the direction of the deep-layer wind shear vector
rather than the mean wind, although in most cases a
storm moving to the right (left) of the deep-layer shear
vector also moves to the right (left) of the mean wind.
The lateral updraft propagation (at right angles to the shear
vector) that follows storm splitting increases the streamwise
(antistreamwise) vorticity ingested by the right-moving
(left-moving) updraft.

Consider the case of a straight hodograph with westerly
shear. An updraft initially moves at approximately the
mean wind velocity; therefore, the updraft motion in early
stages lies on the hodograph (recall from Section 2.7 that
the mean wind lies on the hodograph in the case of a
straight hodograph). Therefore, the updraft initially ingests
purely crosswise vorticity because the storm-relative winds
are orthogonal to the horizontal vorticity at all levels. In
terms of SRH, the SRH is zero because there is no area
on the hodograph diagram between the storm motion
and the hodograph if the storm motion lies on a straight
hodograph.
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Figure 8.35 The splitting of cells and the subsequent development of rotation through vortex line tilting in the case
of a straight hodograph. (a) In the early stage a vortex pair forms through tilting of the horizontal vorticity associated
with the mean shear, creating vertical perturbation pressure gradient forces (blue shaded arrows) on the flanks. (b) As
rainy downdrafts form and the cell splits, vortex lines are tilted downward, and the original updraft-centered vortex pair
is transformed into two vortex pairs. The updraft of the rightward (facing downshear) moving member propagates toward
the positive vorticity on the right flank, and thus a correlation between updraft and positive vorticity develops. In (a) and
(b), the transparent blue arrows indicate storm-relative trajectories. In (b), the dashed transparent blue arrows indicate
storm-relative trajectories after storm splitting. (Adapted from Klemp [1987].)
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Figure 8.36 Schematic horizontal cross-sections through the midlevel updraft (pink) of a supercell showing the locations
of vorticity centers and pressure minima for the cases of purely crosswise vorticity and purely streamwise vorticity. When
the vorticity ingested by the updraft is purely crosswise, the − 1

2 ζ ′2 term in the diagnostic pressure equation leads to
an upward-directed dynamic vertical pressure gradient force on the storm flanks below the level of maximum |ζ ′| and
minimum p′. In the limit of purely streamwise vorticity being ingested by the updraft, the ζ ′ and w′ fields are approximately
in phase; thus, the − 1

2 ζ ′2 term cannot lead to a significant off-axis, upward-directed, dynamic vertical pressure gradient
force.

Following storm splitting, right- and left-moving
updrafts acquire a lateral propagation such that their
motions no longer lie on the hodograph. Thus, the
storm-relative winds in the reference frame of the right-
moving (left-moving) updraft have a southerly (northerly),
that is, streamwise (antistreamwise) component. In a
graphical sense, there is now an area on the hodograph
diagram between the hodograph and the storm motions of
both the right- and left-moving updrafts, corresponding
to positive (negative) SRH, respectively, and a positive
(negative) correlation between ζ ′ and w′ develops. The
right-moving (left-moving) updraft acquires net positive
(negative) vorticity.

Vertical vorticity is constantly produced by tilting on
the updraft flanks, where ∇hw

′ is largest, which leads
to continuous lateral propagation as the right-moving
(left-moving) updraft is continuously forced on its right
(left) flank. The nonlinear dynamic forcing term pro-
motes lateral updraft propagation as long as ζ ′ and w′
are not collocated—the updraft can never ‘catch up’ to

the dynamic uplift because the uplift remains off-axis as
long as a crosswise vorticity component is present. Even
though splitting increases the streamwise (antistreamwise)
vorticity tilted by the right-moving (left-moving) updrafts,
sufficient crosswise vorticity can be present after splitting
that subsequent splitting occurs (e.g., sometimes a right-
moving updraft ‘sheds’ multiple left-moving updrafts). At
the other extreme, if a hodograph has substantial curva-
ture, the initial updraft moving at the mean wind speed
(recall from Section 2.7 that the mean wind lies on the con-
cave side of a curved hodograph) may tilt predominantly
streamwise vorticity from the start. In such cases, storm
splitting may be suppressed entirely because the midlevel
pressure minimum resulting from ζ ′2 is located close to the
updraft axis rather than on each updraft flank (Figure 8.36).
Although the nonlinear dynamic forcing cannot promote
lateral updraft propagation for a perfectly curved hodo-
graph, lateral propagation still occurs as a result of the
linear dynamic forcing. We discuss linear dynamic forcing
next.
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Figure 8.37 Sequence of radar reflectivity images from the Clovis, NM, WSR-88D on 19 April 2004, depicting a developing
supercell storm splitting into right- and left-moving supercells. The vertical wind profile and hodograph from Midland,
TX, at 0000 UTC 20 April are displayed as well. Numerals along the hodograph indicate altitudes above ground level in
kilometers, and the storm motions are also indicated on the hodograph (‘RM’ and ‘LM’ are the motion vectors of the right-
and left-moving supercells, respectively). The hodograph is fairly straight overall. It is therefore not surprising that the
right- and left-moving supercells that developed from the splitting process were comparable in intensity.

The effects of linear dynamic forcing

Now let us take a closer look at the linear dynamic forcing
term in (8.25). High pressure is found upshear (not upwind)
of the updraft and low pressure is found downshear (not
downwind) of the updraft (Figure 8.39). In other words, the
couplets of high and low pressure at any level are aligned
with the shear vector at that level (recall that the vorticity
couplets produced by tilting were aligned normal to the
shear).

When the vertical wind shear is unidirectional (i.e.,
the hodograph is straight), the high- and low-pressure
perturbations are vertically stacked (Figure 8.40a).

Upward- and downward-directed vertical perturbation
pressure gradients arise, but they cannot force lateral
updraft propagation. As discussed above, the nonlinear
dynamic forcing leads to storm splitting, after which
mirror-image, symmetrical right- and left-moving storms
are produced, which propagate off the hodograph by way
of continued forcing by the midlevel pressure minima
on the updraft flanks (Figure 8.41; see also Figure 8.37).
On the other hand, when the shear vector veers with
height (i.e., the hodograph turns clockwise with height),
the high–low-pressure couplets become stacked such
that an upward-directed dynamic vertical pressure
gradient force exists on the right flank of an updraft
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Figure 8.38 Photograph of splitting storms. A rainshaft can also be seen between the two distinct updraft towers.
Photograph by Chuck Doswell.
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Figure 8.39 Pressure perturbations arising from the
linear dynamic term, 2S · ∇hw

′. A couplet of high and
low p′ is aligned with the shear vector and straddles
the updraft at any particular altitude. The magnitude of
p′ is proportional to the horizontal w′ gradient (strong
updrafts tend to also have large ∇hw

′) and the strength
of the vertical wind shear.

and a downward-directed dynamic vertical pressure
gradient force exists on the left flank of an updraft
(Figure 8.40b). Thus, the linear dynamic forcing suppresses
the left-moving storm and enhances the right-moving
storm (Figures 8.41 and 8.42). When the hodograph turns
counterclockwise with height, the opposite is true—the
left-mover is favored and the right-mover is suppressed. As
previously stated, storm-splitting may not be observed in
environments exhibiting substantial hodograph curvature;
significant clockwise (counterclockwise) turning of the
shear vector with height can suppress the left- (right-)
moving storm altogether. Also note that the vertical per-
turbation pressure gradients are larger in magnitude in the
curved hodograph case than in the straight hodograph case
because vertical variations in the magnitude and direction
of S and magnitude of ∇hw

′ all contribute to |∂p′
d/∂z|

in the curved hodograph case, whereas only vertical
variations in the magnitude of S and ∇hw

′ contribute to
|∂p′

d/∂z| in the straight hodograph (Figure 8.40).

Recall that there is a large correlation between w′ and ζ ′
when the horizontal vorticity has a large streamwise com-
ponent. In the limit of an updraft tilting purely streamwise
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Figure 8.40 Pressure perturbations arising as an updraft interacts with an environmental wind shear that (a) does not
change with height and (b) turns clockwise with height. The high (H) to low (L) horizontal pressure gradients parallel
to the shear vectors (green flat arrows) are labeled. The dark blue shaded arrows indicate the implied vertical pressure
gradient force, which favors the right flank in the curved hodograph case. (Adapted from Klemp [1987].)
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Figure 8.41 Plan views of cloud-model-produced, low-
level rainwater fields for two simulations using, respec-
tively, a straight hodograph (gray in lowest 2.5 km, blue
above; numerals along the hodograph indicate altitude in
km) and one with low-level clockwise hodograph curva-
ture (blue). The straight hodograph produces storms with
mirror-image symmetry, whereas the curved hodograph
enhances the right-moving storm. The left- and right-
moving storm motions are indicated on the hodographs
with magenta arrows and are labeled ‘LM’ and ‘RM’, respec-
tively. The dashed black contours enclose the regions of
significant midlevel updraft, and the numerals indicate
the location and magnitude of the maximum vertical
velocity (m s−1). Gust fronts are also shown. The gray
dashed lines indicate storm motions. (Adapted from
Klemp [1987].)

vorticity (i.e., there is no crosswise vorticity component
and the relative helicity is unity), the w′ and ζ ′ fields
are nearly collocated [recall from (8.9) that they are not
exactly coincident because of buoyancy within the updraft]
(Figure 8.30a). Therefore, the nonlinear dynamic forcing
cannot promote lateral updraft propagation because the
upward-directed forcing is a maximum near the updraft
axis. Instead, linear dynamic forcing is directed upward
on the right flank; that is, the right-mover is enhanced
on its right flank by the turning of the shear vector
with height, and rightward propagation occurs. In sum-
mary, dynamic perturbation pressure gradients promote
lateral updraft propagation in both straight and curved

hodograph environments. For a straight hodograph, lat-
eral updraft propagation is due to the nonlinear dynamic
forcing in (8.25). For a curved hodograph, lateral updraft
propagation is due to the linear dynamic forcing in (8.25).
A summary comparison of supercell updraft properties
appears in Table 8.1.

Empirical predictions of supercell motion

Part of the motion of a supercell updraft is attributable to
advection of the updraft by the vertically averaged winds
(mean flow), but part of the motion is also a function
of lateral propagation due to the dynamic forcing on
the updraft flanks (both linear and nonlinear forcing can
contribute) as investigated above. The movement of the
storm’s own outflow and gust front, although not the
primary factors in influencing propagation as is the case for
nonsupercellular convection, can influence storm motion
in a minor way (perhaps more so for HP supercells than for
classic or LP supercells), as can external boundaries, like
fronts, outflow boundaries from earlier or adjacent storms,
and even terrain.

Some algorithms for predicting supercell motion express
the motion as some function of the mean wind speed
and direction. For example, some older techniques predict
supercell motion as being 75–80% of the mean wind speed,
at an angle 25–30◦ to the right of the mean wind. One issue
with these methods is that they are not Galilean invari-
ant; that is, the relationship between storm motion and
the hodograph depends on the mean wind implied by the
hodograph. Other methods predict a supercell motion with
respect to a shear vector. Such methods are preferable to
those mentioned above because they are Galilean invariant;
that is, the relationship between the predicted storm motion
and the hodograph is independent of the mean wind on
the hodograph. For example, one popular method predicts
supercell motion to be 7.5 m s−1 orthogonal to the right of
the shear vector drawn between the 0–500 m mean wind
and the 0–6 km mean wind.13 A similar method predicts
supercell motion to be 8.7 m s−1 orthogonal to the right of a
location 60% of the distance from the tail to the head of the
shear vector drawn between the 0–500 m mean wind and
the 4 km wind (Figure 8.43).14 These techniques are least
accurate for HP storms, perhaps because their cold pools
are substantial enough to influence storm propagation sig-
nificantly. The algorithms that are based on the wind shear

13 See Bunkers et al. (2000). In the southern hemisphere, the cyclonic
storm motion would be 7.5 m s−1 to the left of the shear vector.
14 See Rasmussen and Blanchard (1998). In the southern hemisphere,
the cyclonic storm motion would be 8.7 m s−1 to the left of the shear
vector.
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Figure 8.42 Left- and right-moving supercells following an episode of storm-splitting on 1 June 2008 in western
Oklahoma. Note the intensification (weakening) of the right- (left-) mover following the splitting of the original cell. The
broad gray arrows indicate the storm motions. The vertical wind profile and hodograph from the nearby Vici, OK, wind
profiler are displayed in the bottom right panel. Numerals along the hodograph indicate altitudes above ground level in
kilometers, and the storm motions are also indicated on the hodograph (‘RM’ and ‘LM’ are the motion vectors of the right-
and left-movers, respectively). The hodograph has substantial curvature, such that the shear vector veers with height in
the lowest 4 km. It is therefore not surprising that the right-mover was dominant in this case.
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Table 8.1 Comparison of the properties of supercells in environments with nearly straight hodographs and with strongly
curved hodographs that turn clockwise with height. It is assumed that the environments have roughly similar CAPE and
vertical wind shear. (From Davies-Jones et al. [2001].)

Property (Nearly) straight hodograph Strongly curved hodograph

Symmetry of left and right movers Yes (for straight hodograph,
neglecting f )

No

Net updraft rotation in initial storm No Yes
Cyclonic vortex in initial storm On the right side of the updraft In strong updraft
Anticyclonic vortex in initial storm On the left side of the updraft In downdraft or weak updraft
Storm splitting Highly significant Insignificant or absent
Time to first mesocyclone Slower Faster
Low and midlevel mesocyclone intensity Generally less intense Generally more intense
Mesoanticyclone In left mover Generally absent
Maximum updraft strength Weaker Stronger

Very different (roughly orthogonal) In roughly same directionDirection of low-level environmental vorticity
versus baroclinically generated horizontal
vorticity

Lateral updraft propagation Via nonlinear dynamic forcing Via linear dynamic forcing

5 10 20 30 m s–1

0–500 m
mean wind

4 km wind

 
8.7 m

 s
–1

60%

Figure 8.43 The Rasmussen and Blanchard (1998)
method for forecasting supercell motion predicts a motion
8.7 m s−1 orthogonal to the right of a location 60% of
the distance from the tail to the head of the shear vector
drawn between the 0–500 m mean wind and the 4 km
wind. In the hodograph, the magenta arrow indicates the
predicted supercell motion.

somewhat implicitly assume that supercell propagation is
driven primarily by dynamic forcing associated with the
wind shear profile.
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