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ABSTRACT

In the central region of Switzerland, lying between the Jura Mountains to the north and the Alps to the south,
severe hailstorms are a common summertime phenomenon. Eight years of data on these hailstorms show that
they are nearly equally divided between left- and right-moving storms. Depending on the exact environmental
conditions, the severe hailstorms consist variously of left- or right-moving ordinary-cell storms, left- or right-
moving supercell storms, and left-moving storms of an intermediary type (i.e., supercellular in some but not
all respects). The left movers of the intermediary type sometimes exhibit a cyclonically rotating echo appendage
on the right-rear flank of the storm. This appendage to the left mover resembles a hook echo associated with a
classic supercell. It is dubbed a false hook, since it has a dynamical configuration substantially different from
that of a classic supercell. This difference is demonstrated by the fact that the false hook appears on the wrong
side of the left mover for it to be a mirror image of a classic right-moving supercell.

Sounding data show that at bulk Richardson numbers less than 30-50, the right-moving severe hailstorms in
central Switzerland tend to be stronger and are more likely to be supercellular, though they are almost never
tornadic. The hodograph of the wind in the environment of the storms shows that the winds are about one-half
to two-thirds the strength of the winds associated with tornadic storms over the central United States. The wind-
shear vector turns generally clockwise with increasing height through the lowest 5-6 km, with a maximum south-
westerly wind at about the 3-km level. On days when left-moving storms occur, the shear vector in the lowest 2—
3 km of the generally clockwise-turning layer tends to exhibit a slight counterclockwise turning with height.

Model calculations have been carried out for a day on which slight counterclockwise shear was present in the
lowest 2-3 km and on which both a right-moving supercell and a left-moving false-hook storm occurred. In addition
to rawinsonde data, observations were obtained by three radars, surface stations, and a hailpad network. The model
produces splitting storms, The right- and left-moving model storms match the observed storms quite well. The left-
hook mover was a false-hook storm, since the separate, cyclonically rotating updraft in the false-hook region does
not separate from the left-moving storm. The false-hook appendage s found to consist of updraft and precipitation
advected westward and southward in the cyclonically rotating south rear flank of the storm. It bounds a cyclonically
rotating downdraft on the south side of the storm. When the model simulation is repeated after modifying the
environment wind hodograph by reversing the sense of the turning of the shear vector at low levels, so that the
environment wind-shear vector turned in the clockwise sense with increasing height throughout the entire lowest 5—
6 km, the second split of the left mover occurs much sooner. Consequently, the southern echo appendage is only a
transitory feature, and a long-lived false-hook storm is not maintained.

The model simulations indicate that the basic characteristics of thunderstorms in central Switzerland can be
realistically reproduced in a numerical model with a flat lower boundary. Hence, the environmental wind and
thermodynamic stratification are inferred to be the primary factors determining storm structure. However, the
environment supports multiple storm structures, and those storm modes selected by nature at a specific time
and Jocation may be determined by very subtle local effects, such as whether the low-level wind hodograph
exhibits a slight clockwise or counterclockwise perturbation. Such local variability of the winds is likely related,
directly or indirectly, to orography. Such variability is evidently random, though, resulting in the even clima-
tological distribution between left- and right-moving storms.
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1. Introduction

Thunderstorms are made up of basic units referred
to as cells (Byers and Braham 1949). These cells may
be ordinary cells or supercells (Browning 1977). In
either case, the cell consists of an updraft, a downdraft,
and a tall, narrow, intense radar echo. Weisman and
Kilemp (1984) distinguish the two types of celis dy-
namically. They note that ordinary cells occur in en-
vironments of weak-to-moderate vertical wind shear
and their dynamics are dominated by pressure pertur-
bations associated with the spreading out of downdraft
air at the surface. In particular, updrafts are regenerated
at low levels at the gust-front boundary of the dense
spreading downdraft air. Dynamic pressure perturba-
tions associated with midlevel rotation in the clouds
play no significant role in the dynamics of ordinary
cells.

Supercells, on the other hand, occur in environments
of moderate-to-strong wind shear. In this case, the hor-
izontal vorticity contained in the environment shear
is tilted into the vertical by in-cloud vertical motions
and concentrated by the cloud-scale convergence. The
rotation thus produced is accompanied in midlevels
by strong pressure perturbations—the vortices tend to
be cyclostrophic with a negative pressure anomaly at
their centers (Holton 1992). This strong dynamic
pressure perturbation, moreover, helps regenerate and
maintain the updraft rather than oppose it (Rotunno
and Kiemp 1985). The superceli is thus distinguished
dynamically from the ordinary cell (according to
Weisman and Klemp 1984 ) by a pressure perturbation
field in which both the rotationally produced pressure
perturbations at midlevels and pressure perturbation
at the leading edge of the low-level spreading downdraft
contribute to updraft generation and maintenance.

Severe thunderstorms are often long-lived (hours),
and they produce damaging hail, very strong surface
winds, or tornadoes (or any combination thereof). In
midlatitudes, severe thunderstorms are of two types,
known as multicell and supercell storms (see section 3
of the review of Houze and Hobbs 1982). A multicell
storm is usually made up of a group or sequence of
ordinary cells but (as pointed out by Weisman and
Klemp 1984) can also be made up of a combination
of ordinary cells and supercells. A supercell is usually
a single-cell storm, although it may be part of a line of
storms in which several supercells are located, or it
may occur as part of a sequence of supercells, one
spawning the next (Burgess et al. 1982).

Both multicell and supercell storms exhibit a ten-
dency to travel either to the right or to the left of the
mean environmental winds. In the case of multicell
storms, the deviation to the right or left typically is
determined by which side of the storm is the favored
location for new cell development. This side may be
determined by where the influx of low-level moisture
is optimal (Newton and Fankhauser 1964, 1975; sec-
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tion 3.2 of Houze and Hobbs 1982) or by where the
greatest amount of low-level lifting is generated (Ro-
tunno et al. 1988).

In the case of supercell storms, the deviation to the
right or left is also associated with the environmental
wind shear but for different reasons, which were elu-
cidated in the 1970s and 1980s by three-dimensional
nonhydrostatic cloud model simulations. Klemp and
Wilhelmson (1978b) showed that when a thunder-
storm forms in an environment of strong shear and
high thermodynamic instability, the storm splits into
two parts, one of which moves to the left of the mid-
tropospheric wind, while the other moves to the right.
As long as the wind shear is unidirectional, the two
members of the split are mirror images of each other.
When the direction of the wind-shear vector varies with
height, either the left mover or right mover is favored,
while the other member of the split quickly dies or
continues as an ordinary cell storm complex. Weisman
and Klemp (1982, 1984), using model results to de-
termine the response of model storms to different
combinations of environment wind shear and ther-
modynamic stratification, showed that the type of
storm that forms changes from ordinary cell to supercell
as both the shear and thermodynamic instability of the
environment increase, and that certain combinations
of environmental shear and instability may support
both ordinary cells and supercells simultaneously.

Very strong shear appears to affect the supercell
storm propagation by favoring the development of ro-
tation (strong vertical component of vorticity ) within
the storm (Rotunno 1981). As in-cloud rotation is
produced by the tilting and stretching of the environ-
ment vorticity and thus develops strong dynamic pres-
sure perturbations, a vertical gradient of the dynamic
pressure perturbation develops that continually rein-
forces and maintains upward motion on the right and/
or left flank of the storm (Rotunno and Klemp 1985).
The right flank is favored when the environment ex-
hibits clockwise turning of the shear vector. For a more
complete review of the dynamics of supercell thun-
derstorms, see Klemp (1987).

In the central United States, the average hodograph
for severe thunderstorm environments exhibits strong
clockwise turning of the shear vector with increasing
height (Maddox 1976). Low-level south to south-
southeasterly flow from the Gulf of Mexico typically
reaches a peak speed at about the 850-hPa level, and
the wind turns with height to become a dry south-
westerly in middle and upper levels, ahead of an ap-
proaching trough (see Fig. 13.5 of Palmén and Newton
1969). Severe thunderstorms over the central United
States are typically right moving, and this rule applies
both to multicell storms (Newton and Fankhauser
1964, 1975)' and supercells (Davies-Jones 1986).?

! A variety of storms were considered by Newton and Fankhauser
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These observational facts together with the model re-
sults summarized above suggest that the wind clima-
tology of the central United States, specifically the
clockwise turning of very strong lower-tropospheric
shear in unstable weather situations, accounts for the
predominance of right-moving supercell storms in that
region. '

An environment in which severe thunderstorms oc-
cur but the right-moving storms do not predominate
climatologically is found in the Mittelland of central
Switzerland. This broad lowland region lies between
the Alps to the south and the smaller Jura Mountains
to the north. Although these thunderstorms are prac-
tically never tornadic, they are long-lived, often exhibit
supercell characteristics, and are especially noted for
their damaging hail. These storms were extensively
studied during the multiyear hail-suppression experi-
ment Grossversuch IV (Federer et al. 1986). As will
be shown, one-half of the storms documented in
Grossversuch IV were left movers (21 out of 42). The
Swiss Mittelland is thus a natural laboratory for the
study of left- and right-moving severe thunderstorms.

The purpose of this article is to make use of the
advances in the understanding of thunderstorms sum-
marized above to gain insight into the environment,
structure, and dynamics of the left-moving storms in
Switzerland. We proceed by first examining the Swiss
hailstorm climatology compiled during Grossversuch
IV (section 2). In the remainder of the paper, we focus
on the storms that occurred over the Mittelland on a
particular day (14 July 1978), when both right- and
left-moving storms occurred in the same general area.
Radar and sounding data will be used to document
the structure and environment of these storms. One of
the most fascinating aspects of the left-moving storms
on this day was the appearance in one of them of a
Jalse hook, which is the name we have given to a portion
of the storm’s radar echo, which had the shape of the
hook echo often used to identify a supercell thunder-
storm in a horizontal pattern of radar reflectivity (sec-
tion 11.6 of Battan 1973; Fig. 10.5 of Davies-Jones
1986; Fig. 17 of Houze and Hobbs 1982). However,
in the case of the left-moving storm described here, the
hook is not a mirror image of that seen in the classic
right mover. Hence, we call it a “false hook.” Obser-
vations of the 14 July 1978 storms are presented in
section 3, while in section 4 a three-dimensional nu-
merical model is employed to simulate the 14 July 1978
storms. The model successfully simulates the major
features of the left-moving storm, including the false
hook. The results of this model calculation allow us to

(1964, 1975), but evidently the concentration was for the most part
on multicellular storms.

2 Davies-Jones ( 1986) noted that, in a large sample of Doppler
radar observations in Oklahoma, 140 out of 143 thunderstorms ex-
hibited mesocyclones (i.e., Doppler radar—observed cyclonically ro-
tating updraft of the type associated with right movers).
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infer aspects of the structure and dynamics of the left-
moving storm that are not evident from the observa-
tions alone.

2. Characteristics of severe hailstorms in
Switzerland

a. Radar echo climatology: 1975-82

The preparatory and operational phases of Gross-
versuch IV extended over the years 1975-82. During
this period, a carefully calibrated S-band radar was op-
erated in Switzerland near Luzern at Emmen (Fig. 1).
The radar had a wavelength of 10.1 cm, beamwidth of
1.8° in the vertical and 1.6° in the horizontal, peak
power of 300 kW, pulse length of 1 us, and pulse rep-
etition frequency (PRF) of 250 Hz. It was designed to
measure parameters of hailfall intensity with a high
spatial and temporal resolution. The operational mode
of the radar was adapted to this purpose, and only mi-
nor procedural changes were made during the eight-
year period. Generally, low-elevation plan position in-
dicator (PPI) scans were made at l-min intervals.
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FiG. 1. The experimental area. (a) Switzerland is surrounded by
the dashed boundary. The location of the S-band radar (Emmen) is
indicated by a cross, and a circle of range r = 60 km from the radar
is shown. (b) Topography of earth’s surface in the region of the rect-
angle in (a).
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Three-dimensional volume scans were made occasion-
ally. The range of the radar measurements was re-
stricted to 60 km. A major objective was to investigate
the relationship between hailpad and radar measure-
ments of hailfall parameters. Long-term raindrop dis-
drometer data were used to assess the temporal stability
of the radar. An overall uncertainty of the order of +1
dBZ was obtained (Waldvogel and Schmid 1982). The
agreement between radar and hailpad measurements
of hail kinetic energy was found to be excellent (e.g.,
Schmid et al. 1992). Generally, radar reflectivities
larger than 60 dBZ indicated damaging hail at the
ground (Schiesser 1990).

Since the intensity of hailfall parameters can be es-
timated with a high degree of accuracy from the re-
flectivity measurements of the Emmen radar, a severe
hailstorm is defined here in terms of the reflectivity
data. A 45-dBZ cell (as identified by Waldvogel and
Schmid 1982) is classified as a severe hailstorm when
the maximum reflectivity exceeds 65 dBZ and when
the 60-dBZ intensity is sustained for at least 30 min.
Only those storms have been considered that could be
identified as isolated units during the time when they
reached a maximum reflectivity of 60 dBZ or more.
These criteria eliminate short-lived single-cell storms
and multistorm complexes and ensure that the storms
reach some degree of self-regeneration. Available
ground-truth data of hail (hailpad measurements, in-
surance data of hail damage, and public reports) con-
firm that this definition selects the most intense and
damaging hailfalls observed during the period of
Grossversuch IV.

A thunderstorm may be classified as being right- or
left-moving according to whether the horizontal mo-
tion of the radar echo deviates to the right or left of
the direction of the mean (vertically averaged vector)
wind in the environment ( Browning 1968; Newton and
Fankhauser 1975). Numerical simulations of supercell
storms (Klemp and Wilhelmson 1978b) indicate that
a more dynamically accurate definition of right- and
left-moving storms refers to the motion of a storm rel-
ative to the direction of the mean vertical shear vector
of the environmental wind. Application of such defi-
nitions to sounding data requires knowledge of the
lower and upper boundaries of the layer over which
the average wind vector or the average wind-shear vec-
tor is calculated. These boundaries vary somewhat from
case to case. The layer from the ground up to 6 km
was used in the definitions of mean shear and the bulk
Richardson number given by Weisman and Klemp
(1982, 1984) and is therefore useful to adopt as the
relevant layer. In Swiss thunderstorm cases, the direc-
tion of the wind-shear vector averaged over this layer
tends to be well approximated by the wind vector at
500 mb, since the surface wind is close to zero during
prestorm situations in central Switzerland (Figs. 3a,b).

Therefore, the storms in this study are classified as
being right or left moving according to whether the
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horizontal motion of the radar echo deviated to the
right or left of the 500-mb wind vector indicated by
rawinsonde. The wind data from the Payerne sounding
(1200 UTC) was used for this purpose in most cases.
In some cases, an average wind vector was computed
taking into account the sounding data from 1200 and
2400 UTC. These were cases that occurred in the eve-
ning of a day on which a major turning of the wind
vector occurred between 1200 and 2400 UTC. The
vectors of storm motion and 500-mb wind are listed
in Table 1.

To avoid misclassification, we also adopted a pro-
cedure based on the radar echoes alone for determining
whether the severe hailstorms, identified by the afore-
mentioned criteria, were right or left moving. Such a
procedure is feasible since the echo pattern of a severe
hailstorm is typically asymmetrical, with the reflectivity
core and the high-reflectivity gradients near the side of
the storm that is upwind relative to the mean low-level
environmental wind, while the downwind flank of the
storm is characterized by a low gradient of reflectivity,
produced by precipitation from the anvil. The direction
of the environmental wind vector (EW) may then be
estimated by drawing a vector from the reflectivity core
of a storm toward the downwind center of the anvil
echo. In this context, EW refers to an observer who is
moving with the storm. Each storm in the Grossversuch
IV data sample has been classified as either left or right
moving by comparing the vector of the storm move-
ment with an EW vector drawn in this manner (see
examples in Fig. 2). No significant discrepancies be-
tween this classification scheme and the technique
based on actual wind observations have been found.
With both techniques, the same partition into left- and
right-moving storms is obtained.

A classification into ordinary-cell and supercell
storms in terms of cell longevity (Weisman and Klemp
1984) is not possible with the available radar data, since
three-dimensional volume scans were made only spo-
radically. However, PPI sequences taken at low levels
are available in 1-min resolution for all storms. This
makes it possible to identify the existence or absence
of a hook-echo structure (in the sense of Lemon and
Doswell 1979) for each storm. The appearance of a
hook echo at the right flank of a right-moving storm
(or at the left flank of a left-moving storm) is an in-
dicator that the storm approaches the structure of a
classic supercell storm, since such an echo structure
can be associated with dynamical features like a rotat-
ing updraft or a sharply bent gust-front structure. When
scanning through the available storm sample, we found
that some radar echoes exhibited a hook feature that
was located on the wrong side of a storm when com-
pared to the true hook echo of a classic supercell storm
(see Fig. 2a). We denoted such a hook feature a false
hook since the associated dynamical features differ
from the ones associated with a true hook, as will be
demonstrated in subsequent sections of this paper.
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TABLE 1. Characteristic parameters of 42 severe hailstorms that were observed during Grossversuch IV (1975-82) in central Switzerland.

Cell Lifetime of
500-mb formation reflectivity® ~ Maximum
wind? CAPE® time*® Z>59 reflectivity =~ Movement®
Date (deg/ms™) (m?s?) R (UTC) L/RY Dt T/F dBZ (dBZ) (deg/m s71)
8 Jul 1975 238/11 1915 R D T 51 >65 276/7.2
1935 L D F 51 >70 211/12.2
9 Jul 1975 252/17 1615 R D T 41* >65 269/8.2
2042 L D F 39 >70 189/6.0
10 Jul 1975 255/11 1350 L D T 76 >65 225/5.2
11 Jul 1975 215/9 1250 R D 66* >65 300/5.4
15 Jul 1975 246/20 1400 L D T 86 >65 235/12.7
1850 R D F 66 >65 286/11.7
1915 L D T 91 >65 225/13.1
1 Aug 1975 308/18 1340 L D T 51 >65 279/12.0
1446 L D T 75 >65 276/12.6
19 May 1976 196/13 1345 R D 104 >70 228/6.5
6 Aug 1977 240/7 1728 L D F 48 >65 221/5.8
16 Aug 1977 275/17 1840 R D T 44* >68 282/10.9
17 Aug 1977 225/27* 1550 R D T 44* >68 236/12.9
9 Jun 1978 270/18 337 10 1804 L D 44* 68 246/15.9
2015 R T 43 72 279/15.9
14 Jul 1978 278/15* 1514 31 1454 R D T 136* 73 290/11.3
1603 L 38 71 248/7.8
1643 L D F 153* 71 249/7.8
1715 L F 101* 71 248/8.1
18 Jul 1978 245/32 1051 19 1028 L 47 66 239/20.0
1038 R D F 54* 77 257/17.7
1115 R T 52% 73 259/19.8
1128 R T 94* 75 260/16.3
1353 L 71* 67 228/16.6
1353 R T 64* 73 257/15.7
6 Aug 1978 247/20* 1662* 29* 1652 R D 63* 74 262/13.5
1719 R D T 74 73 255/16.1
10 Jun 1979 240/13 900 57 1246 L D 70 69 225/1.6
26 Jun 1979 260/15 1624 101 1714 L D F 47* 71 224/8.4
7 Aug 1979 245/10 1053 170 1647 R 61%* 67 268/7.0
1718 R D F 106 69 279/8.6
1804 L D F 61 69 210/4.9
1806 L D F 59 68 230/8.5
9 Sep 1979 250/8 1016* 107* 1846 R D T 97 72 280/7.3
3 Jun 1981 210723 2049 47 1808 R D T 116 69 221/10.4
8 Aug 1981 199/8 1247 195 1418 R D T 48* 73 248/8.9
22 Jun 1982 254/19 805 19 1448 L D 51* 68 237/15.2
15 Jul 1982 225/15 2341 126 1309 L D F 115 73 198/1.5
16 Jul 1982 245/15 2035 81 1614 L D F 117* 73 219/9.6
1802 R D 33 71 280/6.9

2 Taken from the Payerne sounding at 1200 UTC. Values with an asterisk are interpolated from the soundings taken at 1200 and 2400

UTC.

bComputed from the Payerne sounding (1200 UTC) and ground measurements. Values with an asterisk are interpolated from the

soundings taken at 1200 and 2400 UTC.
¢ The time of the first appearance of 60 dBZ.
¢ L—left-moving storm; R—right-moving storm.

¢ Hail damage at the ground documented with hail insurance data or public reports.

T T—*“true-hook” storm: F—*“false-hook” storm.

& An asterisk indicates incomplete lifetime——for example, because a storm entered or left the radar range when fully developed.
' Computed from the mass centers of the first and last observed 60-dBZ contour.

We classified the storms as true-hook storms, false-
hook storms, or neither by a thorough visual inspection
of the radar data. To minimize subjectivity, we applied
the following definitions to the data: a hook feature
should appear for at least 5 min in a high-intensity
(typically 55 dBZ) radar echo. Such a feature should
be more marked than other small-scale echo features

that are found in the neighborhood of the hook echo.
In the case of a true hook, the hook feature should be
located on the same flank as suggested by the echo
motion. Additional characteristics of a true hook are
large reflectivity gradients at the location of the asso-
ciated echo indentation. The echo indentation should
persist through several levels of echo intensity (typically
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FIG. 2. Radar reflectivity contours for two severe hailstorms that
occurred in central Switzerland on 14 July 1978. The contours shown
are approximately 2 km above ground (3 km MSL) and are for 33,
45, 55, and 65 dBZ (lightest to darkest shading). The direction of
the environment wind vector (EW) was estimated by drawing a vector
from the reflectivity core of a storm toward the downwind center of
the anvil echo. The left (right) mover is a storm that moves to. the
left (right) of the environment wind vector estimated in this way.

35-55 dBZ). These conditions are not fulfilled in the
case of a false-hook echo. Such an echo points toward
the opposite flank of a storm than would be suggested
by the storm motion. The associated echo indentation
is often visible at high echo intensities only (typically
50-55 dBZ), whereas the large reflectivity gradients
are still found on the same flank of the storm that is
suggested by storm motion. This flank often approaches
a bow shape rather than displaying an indentation. Ex-
amples of false-hook and true-hook radar features are
given in Figs. 8a and 8b, respectively.

We found in some cases that a radar echo formed a
true hook and a false hook at the same time, thus taking
on a T shape. In other cases, an originally true-hook
storm developed into a false-hook storm, or vice versa.
All these storms were classified as true-hook storms,
which means that false-hook storms are characterized
by the lack of appearance of a true-hook feature. The
resulting classification is indicated in Table 1.

In all, 42 severe hailstorms were identified in the
eight years of radar data from Grossversuch IV. Of
these, 21 were identified as left moving by the preceding
technique. This sample thus indicates that about half
of the severe hailstorms in central Switzerland are left
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moving. Furthermore, 10 of the 21 left movers but
only 3 of the 21 right movers exhibited a false hook.
In contrast, 13 right movers but only 5 left movers
showed a true-hook feature. We conclude that the radar
structure and, hence, the internal kinematics of right-
and left-moving severe thunderstorms are not always
pure mirror images, as suggested by Browning (1968)
or by the model simulations of Klemp and Wilhelmson
(1978b), for example. The given findings suggest that
right-moving storms tend to be more supercellular than
left-moving storms, if the appearance of a true-hook
echo is considered as an indicator of supercellular
structure. However, it is not evident if this suggestion
holds when the storm classification (ordinary cell or
supercell) is made in terms of cell longevity. It will be
shown in a subsequent section that a long-lived cell
can successfully be simulated even if the simulated field
of radar reflectivity shows a false-hook structure.
Some additional characteristics of the individually
identified storms are given in Table 1. Table 2 presents
mean values and standard deviations of the maximum
reflectivity, the time for which the storm exceeded 60
dBZ, and the direction and speed of storm movement.
A Wilcoxon test (Lehmann 1975) was applied to these
parameters to identify significant differences between
left and right movers. No significant differences could
be detected in the duration or speed of the two storm
classes. The direction of storm movement differed sig-
nificantly—as should be expected. The values of the
maximum reflectivity are somewhat higher for the
right-moving storms than for the left-moving storms.
However, the 5% level of significance is not reached.
The difference is primarily associated with the storms
of 9 June 1978 and 18 July 1978. Further inspection
of Table 1 indicates that the storms occurring on those
days moved at an unusually high speed (>15 ms™").
Since they appear exceptional in their speed of move-
ment, these storms may be anomalous in other respects
as well. Hence, their reflectivity values may not be rep-
resentative of the general population of storms.

TABLE 2. Mean values and standard deviations of characteristic
storm parameters for the left-moving and the right-moving storms,
respectively.

Mean/standard
deviation
P values of
Left Right Wilcoxon
Parameter movers movers test
Number of storms 21 21
Lifetime of reflectivity
(dBZ) 71/30 69/28 0.93
Maximum reflectivity
(dBZ) 68.3/2.8 70.3/3.6 0.06
Direction (deg) 231/20 265/20 <107*
Velocity (m s™) 10.4/4.2 11.3/4.3 0.49
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b. Environment data

Parameters related to the thunderstorm structure can
be derived from the temperature, humidity, and winds
measured by rawinsonde in the environment of the
storm. Important parameters are the convective avail-
able potential energy (CAPE), which is the vertically
integrated buoyancy of a parcel lifted from some low
altitude (Moncrieff and Miller 1976); the vertical vari-
ation of wind speed; the turning of the wind-shear vec-
tor in the lowest 6 km above the ground; and the con-
vective bulk Richardson number (Ri), which is the
dimensionless ratio of the CAPE to the square of the
mean shear of the wind speed in the lower troposphere
(Weisman and Klemp 1982). The relationship between
Ri and thunderstorm structure has been investigated
by Weisman and Klemp (1982, 1984), who present a
variety of numerical simulations for different environ-
mental conditions. The main results can be summa-
rized as follows: supercell storms preferentially occur
when Ri < 50, whereas storms consisting of ordinary
cells are expected for Ri > 50. However, ordinary cell
and supercell storms can occur simultaneously when
Ri is approximately 20-50, especially when the wind-
shear vector changes its direction with height. Weisman
and Klemp (1984 ) carried out a model calculation for
which the environment wind-shear vector turned
clockwise with height and found that under these con-
ditions a right-moving supercell storm occurred to-
gether with several “left-flank™ storms consisting pri-
marily of ordinary cells.

This section presents the mean environmental con-
ditions of the Grossversuch IV hailstorms in relation
to the results of Weisman and Klemp (1982, 1984).
Meteorological data were available throughout the
project from a surface mesonetwork and from one ra-
winsonde station (Payerne). During 1978, an addi-
tional rawinsonde site was located at Gormund. Figure
1 shows the location of the radar, Payerne, Gormund,
and two ground stations (Luzern, 456 m MSL and
Napf, 1407 m MSL) that have operated in the core of
the experimental area since 1978. The 60-km radar
range ring encloses flatland, foothills, and mountains
at the northern border of the Swiss Alps. The storms
often develop in the foothills and move toward the
northeast. One of the hills (the Napf) interrupts the
plains of the Swiss Mittelland and is a major source of
thunderstorms. The meteorological station at the top
of the Napf is particularly useful for this study.

The representativeness of the Payerne soundings
(routinely released each day at 0000 and 1200 UTC)
is questionable. The fields of temperature, humidity,
and wind are undoubtedly modified by solar heating
and locally influenced by orography. The observed
storms occurred approximately 100 km east of Payerne
and usually several hours after the release of the 1200
UTC sounding. The Payerne sounding taken at 1200
UTC is considered to represent the environment of the
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storms at higher altitudes as long as the 2400 UTC
sounding is similar to the one taken at 1200 UTC. An
interpolated sounding has been calculated in cases of
major changes in the meteorological situation between
1200 and 2400 UTC. An attempt has been made to
improve the sounding (either the interpolated sounding
or the 1200 UTC sounding) at lower levels by using
surface data from two mountain stations to construct
more representative profiles of temperature, humidity,
and wind. The two stations used are Napf and Luzern
(Fig. 1). Data from Napf and Luzern are available in
10-min resolution. For this study, the surface data taken
2 h in advance of the first storm of the day are consid-
ered to be most representative of the environment of
the storms at low altitudes (below 2 km MSL) and are
therefore used for a modification of the sounding data
at low altitudes. The sounding data at 850 and 950
hPa were replaced by the surface measurements of Napf
and Luzern, respectively.

Although this technique is rather crude, the com-
posite profiles of temperature, humidity, and wind
constructed in this way are presumed to be most rep-
resentative of the lower-tropospheric environment in
the vicinity of the storms occurring in the area of the
radar observations. The measurements at the two
ground stations should contain the effects of local in-
fluences. The composite profiles have been used in
computations of the 500-hPa wind (1975-82), CAPE,
and the bulk Richardson number (1978-82 only), and
the resulting data are included in Table 1. For further
details concerning the profiles, see Gysi (1991).

¢. Hodographs for left- and right-moving storms

We divided the hailstorm days into left-mover (LM)
and right-mover (RM) days, according to the type of
the first storm of the day. It is reasoned that the pre-
storm environment, determined as just described,
would most likely be reflected in the first storm of a
day, whereas subsequent storms might develop in a
modified wind regime. To construct mean soundings
and hodographs, only data from 1978-82 were in-
cluded. The years 1975-77 were excluded because the
ground station data at Napf and Luzern, which are
used to correct the sounding data, were not available
for those early years. During 1978-82, there were 13
severe hailstorm days, and, of these, 6 were LM days
and 7 were RM days (Table 1).

The mean composite hodographs are shown in Figs.
3a,b. The 850-hPa wind from the Payerne sounding
has been added to the figure, for a comparison with
the wind measured at the Napf surface station. The
Napf wind is evidently much weaker than the corre-
sponding 850-hPa wind at Payerne. This difference was
likely produced by topography. Friction must have
slowed the wind. The difference in direction (the wind
has a weak northerly component at Napf) suggests that
the difference might also be explained by a local wind
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F1G. 3. Mean hodographs of the Payerne sounding for all days on
which the first occurring storm was a right mover (a) or a left mover
(b). The dots at 950 and 850 hPa are based on the wind measurements
of ground stations. The cross (X) marks the wind of the Payerne
sounding at 850 hPa. Panel (c) is adapted from Maddox (1976). It
shows the mean hodograph for 62 tornado outbreaks in the central
United States. The cross (X) shows the approximate mean motion
of the storms, which were generally right moving.

system in the vicinity of Napf. The difference in wind
speed is consistent with a region of convergence being
located between the regions of Napf and Payerne. This
hypothesis is consistent with the fact that severe thun-
derstorms often develop between the two stations.
However, since the full horizontal distribution of wind
in the area is not available, we cannot determine how
much the speed convergence might have been offset
by diffluence of the winds over the Mittelland.

The hodographs in Figs. 3a,b are noticeably different
from those found in severe storm situations over the
central United States (Fig. 3¢), where a strong southerly
jet of warm moist air from the Gulf of Mexico typically
exists at 850 hPa and contributes significantly to the
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outbreak of tornadic storms (e.g., Maddox 1976). A
similar jet from the Mediterranean could not exist in
central Switzerland since it would either be blocked by
the Alps or would cross the Alps and lose its moisture
in orographic rainfall south of the Alps. The air mass
then would be too dry to trigger severe thunderstorms
on the north side of the Alps. Moist air feeding con-
vective storms in central Switzerland typically arrives
from the southwest to west. The wind directions at 700
and 500 hPa from Payerne are similar to the mean
wind directions at the same altitudes in the central
United States (compare Figs. 3a and 3b with 3c). This
similarity indicates that the Swiss storms occur ahead
of a midtropospheric trough just as the U.S. storms
do. (Recall the discussion in the Introduction.)

The tendency for a lower-tropospheric jet is also seen
in the Swiss cases but the jet is higher, located at the
700-hPa level rather than at the 850-hPa level seen in
the U.S. case. It is also apparent in comparing the Swiss
and U.S. hodographs that the strength of the wind is
greater at all levels in the central U.S. case, by a factor
of approximately 1.5-2.0. Hence, the magnitude of the
overall shear from the surface to any level is also greater
in the central U.S. case. The extreme rarity of tornadic
supercell thunderstorms in Switzerland is consistent
with the lower shear, which implies that less environ-
mental horizontal vorticity is available to be converted
to vertical vorticity of storm rotation (CAPE is also
lower in the case of Switzerland than that associated
with supercell storms in the United States). These ob-
servations lead us to expect that, in general, rotational
dynamics are not as important in Switzerland as in the
central United States, and, hence, supercell storms are
correspondingly neither as common nor as rotationally
intense.

The turning of the wind-shear vector (i.e., the change
of wind direction) with height is to a first approxi-
mation similar for both the RM and LM days (Figs.
3a and 3b). A clockwise turning of the shear vector is
found between 2 and 5 km above ground ( ~800-500
hPa). This turning is somewhat more distinct for the
LM days than for the RM days. A clockwise turning
of the shear vector also occurs in the central United
States (Fig. 3c). However, the turning there occurs
through a deeper layer (surface-500 hPa), and the
maximum turning, as noted already, occurs at a lower
level (850 as compared to 700 hPa).

Given the similar generally clockwise turning of the
wind-shear vector in hodographs in Figs. 3a,b, the
question arises: What is the key environmental differ-
ence, if any, between the LM and RM days? As noted
in the Introduction, the clockwise turning of the ho-
dograph is considered a key factor accounting for the
predominance of right-moving storms in the central
United States. It is thus somewhat surprising that
clockwise turning is dominant in both the LM and
RM days for the Swiss thunderstorms.
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One possible explanation for this behavior resides
in the results of Weisman and Klemp (1984), which
show that an environment with a clockwise-curved ho-
dograph and bulk Ri number of approximately 20-50
can support both right-moving supercell and left-mov-
ing multicell thunderstorms. If conditions similar to
these were often met in central Switzerland, then cli-
matology would show both left and right movers as-
sociated with the same type of clockwise-turning ho-
dograph. The left- and right-moving storms obtained
in the model calculations of Weisman and Klemp
(1984) result from the splitting of an initial storm. In
a real case, some local effect could determine whether
one or the other member of such a split is favored.
Hence, sometimes a left mover might predominate,
while at other times the right mover might be stronger.

The question arises as to what would favor one or
the other branch of the split in the environment of
central Switzerland. Two possibilities come to mind.

1) In the complex terrain of Switzerland, some local
topographically induced feature of the wind field could
favor one or the other of the two storms.

2) A slight but possibly important difference be-
tween the hodographs for RM and LM storms (Figs.
3a and 3b) is the slight counterclockwise turning of
the wind in the lowest 2-3 km in the LM case, which
is not evident in the RM case. Although this difference
must be considered with caution, since the differences
in the LM and RM hodographs are not statistically
significant, the possibility is nevertheless suggested that
the slight counterclockwise curvature of the hodograph
in this lowest layer affects the propagation of the hail-
storms such as to favor the occurrence of left movers.
This possibility will be examined by means of numer-
ical model calculations presented in section 4.

If these or other possible influences that determine
whether the left or right mover is favored are randomly
distributed in space and time, then, in some cases, a
left mover will survive and be observed, while in an
equal number of cases the right mover will be favored.
Such behavior would account for the fact that equal
numbers of left movers and right movers are observed
in the Swiss Mittelland (Table 1) and that both mem-
bers of a split are seldom observed but rather either
the left- or right-moving storm predominates.

d. CAPE and bulk Richardson number

Table 1 presents the values of CAPE and bulk Rich-
ardson number for the 13 severe hailstorm days in
1978-82. The CAPE values range from 337 to 2341
J kg~'. Although the values of CAPE found are quite
variable, they also tend to be significantly smaller than
similar values associated with supercellular storms in
the central United States, which tend to exceed 2500
J kg™'. As pointed out in section 2c, the wind shear is
also smaller than in the case of supercell storms in the
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central United States. The values of Ri, which result
from the ratio of CAPE to the magnitude of the shear,
cover the range 10-200. The relationship of CAPE to
the occurrence of supercell and multicell storms has
been examined in two modeling studies by Weisman
and Klemp (1982, 1984). They varied CAPE by vary-
ing the low-level moisture in the base-state sounding.
According to their results, the range of Ri = 10-200
suggests that some supercell storms should be present
among the hailstorms listed in Table 1 but that the
majority of the storms would be expected to be ordinary
cell storms as defined in the Introduction.

In section 2a, the storms were classified in terms of
the appearance of true-hook and false-hook features.
This classification makes it possible to investigate the
relationship of these features to the bulk Richardson
number, at least for the storms occurring in 1978-82.
Doing this (see Table 1) shows that the median values
of the Richardson number are 24 for the true-hook
storms (9 cases) but 101 for the false-hook storms (also
9 cases). These numbers suggest that the true-hook
storms tend to appear when the Richardson number
is low (as expected when a true hook is associated with
a supercell storm), whereas false-hook storms tend to
appear when the Richardson number is higher. The
sample is extremely small, and the numbers should be
viewed with caution but would appear to suggest that
the true-hook storms are associated with environments
more typical of supercell storms than are the false-hook
storms.

It is difficult to quantify the criteria of identification
of supercell storms by visual inspection of radar data
for traditional indicators of a supercell [e.g., the
bounded weak-echo region (Chisholm and Renick
1972) or the hook echo (Lemon and Doswell 1979)].
Visual inspection of radar data for such features is in-
herently subjective. One can, however, subdivide the
storms of Table 1 rather objectively into left and right
movers, not attempting to determine whether they are
specifically supercellular or multicellular. The left and
right movers may be further stratified according to ob-
jectively determined radar characteristics such as max-
imum reflectivity and echo duration. The empirical
relationships between storm type (left versus right
mover), duration, and intensity based on radar reflec-
tivity data and the bulk Richardson number derived
from sounding data can then be determined and com-
pared to the relationship expected from model results.

The correlation coefficient between Ri and the du-
ration of the 60-dBZ contour of the storms is not listed
in Table 1. It is close to zero for both right movers
(0.01) and left movers (0.04). Evidently, long-lived
storms may occur for both low and high values of Ri.

The relationship between maximum reflectivity and
Ri for all the hailstorms listed in Table 1 is shown by
a scatter diagram (Fig. 4). The right- and left-moving
storms can be differentiated by the symbols used to
plot each data point. The maximum reflectivity appears
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FIG. 4. Scatter diagram showing the relationship between maxi-
mum reflectivity and bulk Richardson number (Ri) for the storms
listed in Table 1.

to be similar for right and left movers as long as the
Ri is larger than about 30. The maximum intensity of
the storms appears to increase for right-moving storms
when Ri numbers drop below 30. The correlation coef-
ficient r for right-moving storms is —0.58. If the right
movers tended to be supercellular more often than the
left movers, this negative correlation would be consis-
tent with the model simulations of Weisman and
Kilemp (1982), which indicate supercell development
at Ri < 50. The correlation coefficient r for left-moving
storms is 0.25. The ¢ test shows that the only correlation
coefficients outside the range +0.48 are significantly
different from zero at the 5% level of significance. Thus,
the left-moving storms do not appear to change to a
different regime at lower Ri. This result is consistent
with the model calculations of Weisman and Klemp
(1984), who show that when the hodograph of the en-
vironment wind is clockwise (as in Figs. 3a,b), right-
moving supercells and left-moving ordinary cells are
favored.

Thus, two of the three investigated criteria (true
hook, maximum reflectivity, echo duration) suggest
that, in the Ri < 30-50 range, the severe hailstorms in
central Switzerland tend to be composed of right-mov-
ing supercells and left-moving ordinary-cell storms,
while at higher Ri both right- and left-moving storms
tend to be of the ordinary-cell type. The only criterion
that is inconclusive regarding the suggested relationship
between Ri and storm type is the echo duration.

An attempt was made to differentiate between su-
percell and ordinary-cell storms according to storm de-
scriptors other than duration and maximum reflectiv-
ity. The storms in Table 1 were identified on the basis
of the 45-dBZ contour being an isolated unit during
the time for which the maximum radar reflectivity ex-
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ceeded 60 dBZ (section 2). A quasi-steady supercell
storm and a sequence of ordinary cells within the do-
main of a given 45-dBZ contour could be indicated by
temporal variability of the maximum reflectivity core
within this domain, since the maximum core or cores
should be more steady for supercell storms than for
ordinary cell storms. Supercell and ordinary cell storms
should then be distinguishable by the spatial variability
of the high-reflectivity contours within the 45-dBZ
contour. For example, the 60-dBZ contour should
show a characteristic multicellular pattern in case of a
sequence of ordinary cells. In considering these criteria,
however, we failed to detect significant differences be-
tween the low-Ri storms and the high-Ri storms. The
maximum reflectivity, for instance, showed consider-
able variability in time for all storms. Schmid (1992)
suggested that the majority of the Swiss hailstorms are
“weak-evolution” multicellular storms in the sense of
Foote and Frank (1983). Such storms are thought to
be characterized by persistent updraft undergoing
gradual, small-amplitude changes, which are blurred
by the persistent airflow. Weak-evolution multicell
storms can be difficult to distinguish from supercell
storms on the basis of horizontal radar reflectivity
structure alone.

3. The 14 July 1978 case: Radar observations

Left and right movers of comparable intensity oc-
curred over the Swiss Mittelland on 14 July 1978, when
the bulk Richardson number was 31 (Table 1). The
left movers of this day showed a false-hook radar echo
pattern (to be described herein), which appears to be
characteristic of many Swiss left-moving severe hail-
storms. The storms on this day were especially well
documented and form the basis of an enlightening ex-
amination of the formation, motion, echo structure
and evolution, and airflow of the storms. Both an ob-
servational study, to be described in this section, and
a numerical simulation of the storms, to be discussed
in section 4, have been conducted.

a. Environment

The synoptic situation on this day was characterized
at low levels by a zone of high pressure south of Swit-
zerland and a rapidly moving trough approaching the
Alps from the northwest at higher levels. Advection of
cooler and drier air, mainly above 850 hPa, destabilized
the atmosphere. A rawinsonde was released from Gor-
mund at 1300 UTC, about 2 h before the first storm
(Fig. 5a). A layer of moist air extended up to about
700 hPa, which is typical of severe thunderstorm sit-
uations in central Switzerland. The Richardson number
of 6 appears to be too low. Convection in an environ-
ment of such low Ri tends to be suppressed because
the shear is too great for the CAPE (Weisman and
Klemp 1982). This sounding may thus be unrepresen-
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F1G. 5. Skew T-logp diagram (a) and hodograph (b) of the Gormund sounding (1300 UTC 14 July 1978). The
hodograph at Payerne on 15 July 1982 is shown in (c). The location of Gormund is given in Fig. Ib. In (a) the heavy
solid curves mark the temperature and dewpoint profiles, and the heavy dashed lines mark a modification of the
temperature and dewpoint temperature curves based on meteorological ground measurements obtained at Luzern (456
m MSL) and Napf (1407 m MSL). The thin solid and thin dashed lines show the parcel paths used to determine the
CAPE for the unmodified and modified soundings (320 and 1515 J kg™, respectively). In (b) the dashed curve shows
a modification of the low-level wind profile used as input to the model calculations of section 4¢. In (b) and (c) the
altitude is indicated in kilometers (MSL). The arrows indicate the mean motion of the most severe hailstorms that

were observed on 14 July 1978 (b) and 15 July 1982 (c).

tative of the environment of the storms. When the
ground measurements of Luzern and Napf are incor-
porated into the sounding, as described in section 2b,
we obtain CAPE = 1514 J kg~ and Ri = 31. According
to Weisman and Klemp (1982, 1984), these values are
within the range that permits both supercell and or-
dinary-cell storms.

The generally clockwise-turning hodograph below
6-km altitude (solid curve in Fig. 5b) further suggests
the formation of both right-moving supercell storms
and left-moving ordinary-cell storms in the same en-
vironment (according to Weisman and Klemp 1984).
Note, however, the weak counterclockwise turning of
the hodograph below 3-km altitude, which is typical
for many severe hailstorm days in central Switzerland,
particularly those with left-moving storms (section 2,
Fig. 3).

The hodograph in Fig. 5b is not unique to the storm
of 14 July 1978. The severe hailstorm of 15 July 1982
(Table 1) was analyzed in a case study by Schiesser
(1990). That storm had a radar echo structure and
motion similar to the 14 July 1978 storm, and the ho-
dograph from the Payerne sounding of this day (Fig.
5¢) has similarities to that of the 14 July 1978 storm.
Again, counterclockwise curvature of the hodograph
1s seen below 3 km.

b. Storm evolution

In this section and in the one following we will doc-
ument the strength, motion, long life, and false-hook
structure of the left-moving storms on this day. The
data from three radars are used in this analysis. One
of them is the S-band radar at Emmen (Fig. 1). The
second radar is an X-band radar (3-cm wavelength),
also located at Emmen. It was used to obtain multiple
vertical cross sections (RHIs) through the storms. The
third radar was a C-band radar (5-cm wavelength) of
the Swiss Meteorological Institute. It was located on
the mountain of La Dole, about 150 km southwest of
the Emmen radar. The two Emmen radars have been
used to analyze the internal structure of the hailstorm
echoes, while the data of the La Dole radar have been
used to trace the evolution and motion of the storms,
since the storms developed outside of the maximum
range of the Emmen radars. The discussion in this sub-
section is therefore based on the data of the C-band
radar, whereas the data of the other two radars will be
used in section 3c.

Figures 6a,b show the paths of the observed storms.
The first storm (A) appeared on radar at 1410 UTC
in the Jura hills in northwestern Switzerland. (For lo-
cation of the Jura and other topographical features, see
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Fig. 1.) The storm strengthened continuously and split
at about 1500 UTC. The northern storm split again
20 min later (storms B and C). Storm B became the
stronger of the two and moved eastward, whereas storm
C moved toward the northeast. Both storms had nearly
dissipated by 1630 UTC. Storm A, however, was the
strongest of the three and continued to move toward
the southeast. This storm crossed the plains of the Swiss
Mittelland, moved into the foothills of the Alps, and
began to disintegrate after 1710 UTC. A fourth storm
(storm D) developed at 1600 UTC in the foothills,
moved toward the northeast, and left the area covered
by the La Dole radar at 1700 UTC.

Two other storms developed at 1620 UTC about 20
km southeast of Bern (Fig. 6b). The initial radar echo
moved eastward, began to intensify, and appeared to
deviate toward the left of the original direction of mo-
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tion at about 1700 UTC. A split became evident at
1710 UTC, but the right branch was weak and short-
lived. The main branch (storm E) moved slowly for
about 1 h. The storm gradually weakened after 1830
UTC and the speed of the storm increased. It could be
tracked until it left the radar area at 1930 UTC. Another
storm (F) developed east of storm E at 1700 UTC and
it also propagated toward the northeast, until it left the
radar area at 1830 UTC. The storms E and F obtained
similar strength during their mature phases.

Four out of the six storms (A, D, E, and F) were
classified as severe, according to the criteria given in
section 2. Characteristics of the storms can be inferred
from Table 1. Storm A was a right mover, whereas D,
E, and F were left movers. The left movers moved more
slowly than the right mover. This finding differs from
some earlier findings on the speed of left movers (e.g.,
Charba and Sasaki 1971). It also appears that the evo-
lution of the storms was affected by orography. All
storms developed over mountainous topography. The
Swiss Mittelland was evidently a source region of warm
moist air that fed storm A from the south and storms
D, E, and F from the north. If the storms were prop-
agating as multicell storms composed of ordinary cells,
the low-level source of moisture would explain the
propagation (Newton and Fankhauser 1975).

¢. Radar echo structure

This subsection analyzes the internal radar echo
structure of the storms A and E. The maximum S-
band radar reflectivity, which indicates the strength of
the storm, exhibited peak values of reflectivity that
fluctuated between about 60 and 70 dBZ (Fig. 7).
Storm A intensified when it reached the foothills of
the Alps. The maximum reflectivity increased from
about 60-65 dBZ to 65-70 dBZ. The maximum in-
tensity (73 dBZ) was obtained at about 1610 UTC.
Storm E exhibited similar maximum intensity, with
time variations of similar amplitude and time scale.
The same maximum intensity (73 dBZ) was reached
by storm E, 2 h after and some few kilometers south-
west of the location where storm A had reached its
peak intensity at 1610 UTC. Both storms were located
within the area of the dense hailpad network of Gross-
versuch IV (Federer et al. 1986) when they reached
their maximum intensity. Hailstone diameters of 27
mm were indicated for both storms by the hailpad net-
work. Thus, the two storms are very similar in duration,
maximum intensity, and temporal variability of max-
imum radar reflectivity.

This set of events yields an excellent opportunity to
compare the radar echo structure of a right-moving
storm (A) and a left-moving storm (E) in a similar
orographic and meteorological setting. The echo struc-
tures of these two storms are shown in Figs. 8 and 9.
In Fig. 8, a quasi-horizontal cross section [a constant
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F1G. 7. Time variation of maximum radar reflectivity for
(a) storm A and (b) storm E on 14 July 1978.

elevation angle display, referred to as a plan position
indicator (PPI)] and a vertical cross section [a constant
azimuth angle display, referred to as a range-~height
indicator (RHI)] are shown for each storm. The PPI
shows the storm at the time the maximum reflectivity
occurred. RHIs taken within a 2-min period in storm
E have been combined with the PPI data in Fig. 9 to
yield three-dimensional perspective pictures of the 15-
and 45-dBZ echo surfaces.

Figure 8a demonstrates that storm A had typical
features of a right-moving supercell storm. The stron-
gest radar echo occurs on the right rear flank of the
storm. A hook echo (section 11.6 of Battan 1973; Fig.
10.5 of Davies-Jones 1986 ) was located on the extreme
southwestern (right rear) flank of the storm. The hook
echo is the appendage from the main kidney-shaped
storm echo. The structure of the main echo of a classic
supercell thunderstorm is controlled by the storm’s in-
ternal air motions, particularly the strong updraft,
which is centered in the weak-echo region (WER ) (Fig.
8) or indentation in the echo on the right flank of the
storm. Size sorting of hail and other precipitation par-
ticles within and adjacent to the strong updraft is also
thought to be an important factor in establishing this
classic supercell radar echo structure, in which the hook
echo and a zone of strong reflectivity surround the
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WER (Fig. 3 of Browning 1968; Fig. 17 of Houze and
Hobbs 1982). The WER is seen in a vertical cross sec-
tion of Fig. 8a to have been capped by an overhang of
radar echo (Chisholm and Renick 1972; see Figs. 18
and 19 of Houze and Hobbs 1982). The WER was at
a distance of 33-39 km from the radar site. It had a
horizontal width of 6-8 km. Radar reflectivities up to
55 dBZ were in the overhang above the WER.

The radars used to document the Swiss hailstorms
were not Doppler radars. However, tracing small echo
features on low-elevation PPIs provides an indication
of the low-altitude air motions associated with the radar

HOOK ECHO \ECHO INDENTATION

Fi1G. 8. Plan view (PP, S band) and vertical (RHI, X band) sections
through storms A and E at the times when they reached maximum
intensity, as detected by the Emmen radars on 14 July 1978. (a)
Storm A at 1709 UTC: elevation angle 5.3° for the plan view; azimuth
angle for the vertical section is 221°; weak-echo region (WER). (b)
Storm E at 1855 UTC: elevation angle 5.2° for the plan view; azimuth
angle for the vertical section is 224°; reflectivity is shown by contours
and shading. Thresholds for PPI are 30, 45, 55, 65, and 70 dBZ and
for RHI 15, 35, 45, 50, 55, and 60 dBZ. Wide streamlines indicate
the direction of motion of small echo features seen in time-lapse
images of the PPI displays.
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FIG. 7. Time variation of maximum radar reflectivity for
(a) storm A and (b) storm E on 14 July 1978.

elevation angle display, referred to as a plan position
indicator (PPI)] and a vertical cross section [a constant
azimuth angle display, referred to as a range-height
indicator (RHI)] are shown for each storm. The PPI
shows the storm at the time the maximum reflectivity
occurred. RHIs taken within a 2-min period in storm
E have been combined with the PPI data in Fig. 9 to
yield three-dimensional perspective pictures of the 15-
and 45-dBZ echo surfaces.

Figure 8a demonstrates that storm A had typical
features of a right-moving supercell storm. The stron-
gest radar echo occurs on the right rear flank of the
storm. A hook echo (section 11.6 of Battan 1973; Fig.
10.5 of Davies-Jones 1986 ) was located on the extreme
southwestern (right rear) flank of the storm. The hook
echo is the appendage from the main kidney-shaped
storm echo. The structure of the main echo of a classic
supercell thunderstorm is controlled by the storm’s in-
ternal air motions, particularly the strong updraft,
which is centered in the weak-echo region (WER ) (Fig.
8) or indentation in the echo on the right flank of the
storm. Size sorting of hail and other precipitation par-
ticles within and adjacent to the strong updraft is also
thought to be an important factor in establishing this
classic supercell radar echo structure, in which the hook
echo and a zone of strong reflectivity surround the
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WER (Fig. 3 of Browning 1968; Fig. 17 of Houze and
Hobbs 1982). The WER is seen in a vertical cross sec-
tion of Fig. 8a to have been capped by an overhang of
radar echo (Chisholm and Renick 1972; see Figs. 18
and 19 of Houze and Hobbs 1982). The WER was at
a distance of 33-39 km from the radar site. It had a
horizontal width of 6-8 km. Radar reflectivities up to
55 dBZ were in the overhang above the WER.

The radars used to document the Swiss hailstorms
were not Doppler radars. However, tracing small echo
features on low-clevation PPIs provides an indication
of the low-altitude air motions associated with the radar

HOOK ECHO \ECHO INDENTATION

F1G. 8. Plan view (PP, S band) and vertical (RHI, X band) sections
through storms A and E at the times when they reached maximum
intensity, as detected by the Emmen radars on 14 July 1978. (a)
Storm A at 1709 UTC: elevation angle 5.3° for the plan view; azimuth
angle for the vertical section is 221 °; weak-echo region (WER). (b)
Storm E at 1855 UTC: elevation angle 5.2° for the plan view; azimuth
angle for the vertical section is 224°; reflectivity is shown by contours
and shading. Thresholds for PPI are 30, 45, 55, 65, and 70 dBZ and
for RHI 15, 35, 45, 50, 55, and 60 dBZ. Wide streamlines indicate
the direction of motion of small echo features seen in time-lapse
images of the PPI displays.
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45 dBZ

FIG. 9. Isoecho surfaces of 15 dBZ (a) and 45 dBZ [(b) and (c)]
of storm E at 1855 UTC as shown from the Emmen $- and X-band
radars. The view is from the northwest in (a) and (b), but from the
south in (¢).

echoes on 14 July 1978. A movie of consecutive PPI
pictures of storm A on the S-band radar showed a
storm-relative movement of small-scale radar echoes
in the directions indicated by the wide streamlines in
Fig. 8a. The motion of the small-scale echo features
can be explained by the probable location of the main
updraft of the storm centered in the WER and rotating
cyclonically as is typical for supercell storms (Lemon
and Doswell 1979; Houze and Hobbs 1982). The di-
rection of motion of the small-scale echo features in
the hook echo is consistent with the cyclonic shear of
low-level wind across the WER.

The radar pattern of storm E is shown in Figs. 8b
and 9. If this storm were the left-moving counterpart
of the classic right-moving supercell storm under con-
ditions of unidirectional shear, it would have the struc-
ture of the mirror image of a classic right mover
(Browning 1968; Klemp and Wilhelmson 1978b). In
some respects, storm E is indeed a mirror image of
storm A. The PPI in Fig. 8b shows that the maximum
reflectivity is found on the northwest side (left rear
flank) of the storm, and that side is bounded by a strong
gradient of reflectivity. The RHI in Fig. 8b shows an
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echo overhang extending to the north, although it is
considerably weaker than the echo overhang of the right
mover in Fig. 8a. These features on the left flank of
storm E were thus mirror images of similar features
located on the south side of storm A. However, not all
aspects of storm E were in the sense of a mirror image
of storm A. In particular, a hook echo and an echo
indentation (deceptively similar to those seen in the
right-moving case) occurred on the south side (right
flank) of E (see PPI in Fig. 8b and the topography of
the 45-dBZ surface in Fig. 9¢), which is the same side
of the storm that the echo indentation and hook were
seen in the PPI of storm A and thus opposite to the
side of the storm on which the echo maximum and
echo overhang are located. Since the echo indentation
and hook of storm E are not in the mirror-image sense
to the WER and hook echo of storm A, which we con-
sider to have been a classic right-moving supercell
storm, we call the hook echo of storm E a false hook.

As noted in section 3a, the Swiss hailstorm of 15
July 1982 occurred in a wind-shear environment sim-
ilar to that of 14 July 1978. It is noteworthy that the
radar echo of the 1982 storm was also similar to that
of the 1978 storm. A false hook in the low-level 55-
dBZ contour was observed and lasted for about 1 h
(Fig. 5 of Schiesser 1990). Vertical cross sections
through the storm showed that a WER was present but
much less extensive than that of a classic right mover
of similar intensity and that the 45-dBZ contour on
the upwind flank of the storm was almost vertical (Fig.
10 of Schiesser 1990).

Time-lapse photography of the PPI displays of the
S-band radar show that the small-scale features within
the main radar echo moved cyclonically along the
western flank of the storm and into the false-hook echo.
The sense of the motion is indicated by the wide
streamlines in Fig. 8b. Since the shear of the echo mo-
tion across the weak-echo region of storm A (indicated
by the echo-motion streamlines in Fig. 8a) was also
cyclonic, it is further evident that the radar echo of the
left-moving storm E was not a mirror image of a classic
right mover like storm A.

4. The 14 July 1978 case: Model simulation

For the following reasons, it is difficult to speculate
on what the internal storm air motions were like on
the basis of the radar reflectivity data alone.

e The left-moving severe hailstorm E described in
the preceding section is not a mirror image of a classic
right-moving supercell thunderstorm.

e The bulk Richardson number describing the en-
vironment is in a range that could support either su-
percells or ordinary cells or both (even simulta-
neously).

e The curvature of the hodograph is primarily
clockwise, though slightly counterclockwise in the
lowest 2-3 km.
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To avoid speculation regarding the air motions, we
have employed a numerical model to simulate the
storms that occurred on 14 July 1978. The premise is
if the model can produce a radar reflectivity pattern
that resembles and behaves in time in a manner similar
to the observed storms on this day, then the model
results make up the best available estimate of the storm
circulation. The model we have used is a modified ver-
sion of the Klemp-Wilhelmson (1978a) three-dimen-
sional nonhydrostatic model, which has been used
successfully to simulate tornadic thunderstorms
(Klemp 1987), squall lines (e.g., Weisman et al. 1988),
and flow over complex terrain (Durran 1990). In view
of these past successes, the model should be able to
yield realistic results for the type of storms studied here.

a. Description and initialization of the model

The version of the Klemp-Wilhelmson (1978a)
model used here employs optional bulk ice-phase mi-
crophysics of the type formulated by Lin et al. (1983)
and used by Fovell and Ogura (1988) in a similar
model. Each class of moisture is conserved in the ad-
vection process. Stretched grids are available in both
horizontal directions. In this study, coarse resolution
(2 km horizontal and 600 m vertical ) and small, un-
stretched domains (100 km X 100 km X 20 km) have
been employed. Klemp et al. (1981) found good agree-
ment between two simulations of a supercell storm—
one with 1-km, and the other with 2-km horizontal
resolution. On the basis of these findings, we have as-
sumed that a horizontal resolution of 2 km is sufficient
for the simulation of the observed storms. The lower
boundary of the model domain is flat. Therefore, the
behavior of the model storms that develop are not in-
fluenced by topography. Hence, some of the differences
between the model results and the observed storms may
be due to orography. In other words, the model should
indicate how storms are expected to behave in the ther-
modynamic and wind environment of central Swit-
zerland if local topography were not a factor.

A smoothed sounding (Fig. 10) was used to initialize
the model. This sounding is generally similar to the
Gormund sounding from 14 July 1978 (Fig. 5a).
However, the dewpoint temperature at low levels has
been increased over the original values of the sounding.
This modification is motivated by surface meteorolog-
ical measurements at the mountain station Napf, which
indicated higher values of humidity than those shown
by the Gormund sounding (for details see section 3a).
The (IZAPE of the smoothed sounding is about 1100
Jkeg .

The wind profiles used for the model simulations
are indicated by the hodographs plotted in Fig. 5b. Two
simulations are discussed herein. One is based on the
original hodograph (solid curve in Fig. 5b), while the
other is based on a modified hodograph (dashed curve
in Fig. 5b). For both wind regimes, the resulting values
of Ri =~ 25.
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F1G. 10. Smoothed sounding used for initialization of the model
simulation. Heavy solid curves mark the temperature and dewpoint.
A thin solid line shows the path of the unsaturated parcel used to
determine CAPE for this sounding (~1100 J kg!).

Deep convection was initialized with a warm, moist
thermal at low levels. The thermal was characterized
by a peak temperature anomaly of 4 K, was saturated,
and dropped off from the peak according to a cosine
function. It had a horizontal radius of 10 km, a vertical
radius of 1.4 km, and was centered at a height of
1.4 km,

b. Simulation based on original hodograph

1) STORM TRACKS, SPLITTING, AND SHAPES OF
STORMS

In Fig. 11, which shows the path of the simulated
storms in a ground-relative framework, it can be seen
that the initial storm split before 60 min into the sim-
ulation. Although it cannot be seen in the figure, the
right mover was initially the stronger of the two storms.
The right mover’s updraft quickly attained a circular,
supercell-type structure that attained maximum inten-
sity around 90 min. The storm weakened after this
time. Part of the weakening in this particular simulation
was due to the storm approaching the southern bound-
ary of the domain. The model domain was translated
in order to track the left-moving storm. However, a
qualitatively similar weakening was found in another
simulation that specifically tracked the right-moving
storm. Thus, it is concluded that the right mover, while
supercellular, was not an especially viable storm.

In contrast, the left-moving storm was a viable storm,
remaining so through the end of the simulation (240
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FiG. 11. Time variation of area covered by the simulated storms
based on the original Gormund hodograph. The thick solid lines
surround the region of rainwater mixing ratio greater than 0.5 gkg™'.
The area of updraft greater than | m s~' is bounded by the thin solid
lines.

min). At first, it was weaker than the right mover but
continued to strengthen through to about 105 min.
Around this time, the updraft of the left-moving storm
began to elongate. Despite the elongation, a single up-
draft center could be tracked for 90 min after the split
(i.e., up to 150 min). By that time, the updraft consisted
of a northwest—southeast-oriented band on its forward
flank (which we will call the leading-edge updraft band)
and a hook-shaped appendage on its south rear side.
This latter feature will be identified as the model storm’s
false hook. By 180 min, the original updraft center had
decayed, and a second center had developed in the
center of the leading-edge updraft band, and the storm
then reintensified. This updraft continued to strengthen
for the balance of the simulation. The long duration
of the original center indicates that the model left mover
had reached a high degree of self-sustainment during
a major portion of its lifetime.

The basic structure and shape of the left-moving
storm continued to evolve through the balance of the
simulation, particularly with regard to the false-hook
feature. Note that while the hook did not appear in the
radar echo until about 150 min, a more sharply defined
hooklike structure is apparent in the midlevel updraft
field as early as 120 min. The updraft field remains
hook-shaped through the end of the simulation, al-
though the hook feature in the echo eventually becomes
indistinct. Despite its continued evolution, the false
hook is a fairly persistent feature.

After 180 min, the left-moving storm began to
change its structure such that by 200 min, the storm
clearly had two separate updraft centers: the original
one in the leading-edge band, and a new center located
to its southwest. The new center appears to have orig-
inated in the hooklike rear portion of the updraft. The
appearance of the new updraft center suggests that the
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left mover might have been exhibiting a tendency to
split, with the new updraft core center in the false-
hook region constituting the updraft of a new right-
moving supercell (see further discussion in section 4b).
However, the false hook and new updraft center within
it continued to move with the main left-moving storm
till the end of the simulation at 240 min.

2) RADAR REFLECTIVITY AND SIMILARITY TO
THE OBSERVED LEFT MOVER

The radar reflectivity has been calculated from the
precipitation field of the model output [see Fovell and
Ogura (1988) for the method of calculation]. As noted
above, the outline of the calculated rainwater mixing
ratio pattern (Fig. 11) shows that the left-moving storm
developed a false-hook structure on the right rear side
of the storm. The southern hook-shaped appendage in
the updraft precedes the formation of the false hook
in the reflectivity field, and the model false hook is
similar in structure, location relative to the storm, and
orientation to the false hook seen in the observed left-
moving storm (Figs. 8b and 9). In addition, the max-
imum rainfall (or reflectivity) in the model storm oc-
curs in an elongated band on the leading (north) side
of the storm, and the northern edge of the model storm
is characterized by a very strong gradient of reflectivity
(see reflectivity field at 3.3-km altitude in Fig. 12a).
These features also are very similar to the observed
storm represented in Figs. 8b and 9. The similarity
between the model and observed features of the reflec-
tivity field clearly indicate that the model captures the
essential dynamics and physics of the left-moving Swiss
thunderstorm.

It is significant that the salient dynamics and physics
of the left-moving storm are obtained without including
any effects of orography. This result implies that the
basic characteristics of the left-moving Swiss storms
are determined primarily by the environmental wind
and thermodynamic stratification, not by the flow over
complex terrain. However, since the same thermody-
namic sounding and wind hodograph can support a
multiplicity of storm structures (left moving, right
moving, supercell, and ordinary cell; see Weisman and
Klemp 1982, 1984), a slight difference in local con-
ditions within a given synoptic-scale environment
could determine which type of storm would be favored
at a specific time and place. Hence, the local orography
may play a role in determining which storm structure
dominates in a real synoptic situation through modi-
fication of the environment in which the storm forms
and evolves.

3) COMPARISON OF THE FALSE-HOOK STORM TO
A LEFT-MOVING SUPERCELL

Comparison of the model results in Figs. 12a,b con-
firms that the false hook is indeed not collocated with
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FIG. 12. The model-estimated fields at 180 min after the start of
the simulation with the original Gormund hodograph. (a) Radar
reflectivity; thin solid contours show the reflectivity pattern at 3.3
km above ground. The thick solid contour emphasizes 45 dBZ. The
dotted and dashed contours indicate the 35- and 45-dBZ thresholds
at 6.9 km above ground. (b) Contours of vertical air motion in units
of 0.6 m s™! (downdrafts dashed ) and vectors of the horizontal storm-
relative wind at 3.3 km above ground. The storm was moving toward
the east-northeast at 4.5 m s™! in this subdomain. A 50-km X 50-
km portion of the model domain is shown.

the main updraft of the storm, as it would be if it were
a true hook in the sense of Browning (1968) and
Lemon and Doswell (1979). The main updraft is
closely associated with the elongated maximum of ra-
dar reflectivity (i.e., precipitation ) on the north side of
the storm. The updraft maximum is also elongated into
an elliptical pattern similar in size, shape, and orien-
tation to that of the reflectivity maximum.
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Included in Fig. 12a is the model-estimated 45-dBZ
reflectivity contour at 6.9 km above ground. Compar-
1son with the 45-dBZ contour at 3.3 km demonstrates
that a nearly vertical wall of echo is formed at an in-
tensity of 45 dBZ on the northeast side of the storm.
The contour for 35 dBZ, however, shows that an over-
hang of weaker echo extends a little farther out. The
vertical structure of the radar echo in the model storm
is thus similar to that of the actual storm (Figs. 8b and
9). The occurrence of the strong updraft and reflectivity
on the north side of the storm, with downdraft on the
south side, is in the sense of a mirror image of a classic
right mover. It is thus the occurrence of the false-hook
echo appendage on the south side of the storm and the
absence of a true hook (which should occur on the
north side) that give this storm an appearance contra-
dictory to that of a hypothetical mirror image of a clas-
sic right-moving supercell. In this false-hook configu-
ration, the hook-echo appendage wraps around the west
side of the downdraft, whereas in a hypothetical mirror
image of a classic right mover it would wrap around
the west side of the updraft. Figure 13 compares a hy-
pothetical mirror image of a classic right mover to a
false-hook left mover.

Since the classic right mover exhibits a cyclonically
rotating updraft (Klemp 1987), the mirror-image
storm should exhibit anticyclonic vorticity in the up-
draft (Fig. 13a). Figure 12b shows that the horizontal
airflow streamlines in the main updraft were indeed
anticyclonically curved. Thus, the leading edge region
is again seen to behave somewhat in the sense of a
mirror-image classic supercell storm. The anticyclonic
flow feeds in from the north and dominates the airflow
in the northern half of the storm. The flow feeding into
and dominating the southern half of the storm is, on
the other hand, cyclonically curved. Thus, the storm
has the appearance of a large vortex pair, anticyclonic
on the north side and cyclonic on the south side (Fig.
12b). The false hook occurs where the curvature of
the flow changes from anticyclonic to cyclonic, and
precipitation particles and vertical velocity are advected
cyclonically into the southern part of the storm. This
behavior is highly consistent with the cyclonic rotation
of echo features into the region of the hook in the actual
left-moving storm (Fig. 8b) and thus again indicates
that the model is simulating the basic behavior of the
observed storm rather well.

4) VERTICAL VELOCITY IN THE LEFT MOVER

The vertical velocity contours of the simulated left-
moving storm are shown in Fig. 14. The downdraft is
strong at low levels (e.g., at 0.3 km above ground, Fig.
14a). However, it is mainly a low-level phenomenon,
disappearing at altitudes above about 3 km (e.g., at 6.9
km, Fig. 14b). At 0.3 km, the vertical velocity contours
show a sharp, horizontal transition from updraft to
downdraft (Fig. 14a). This northwest-southeast-ori-
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Fi1G. 13. Idealizations of the low-level kinematic and radar reflec-
tivity of two types of left-moving thunderstorms. (a) A mirror image
of a classic right-moving supercell thunderstorm [adapted from
Lemon and Doswell (1979) by reversing their Fig. 7]; (b) a false-
hook left mover [obtained by reversing the hook echo on the end of
the echo in panel (a) and adapting the results of the numerical model
shown in Fig, 14a].

ented boundary is more or less a straight line, parallel
to the leading-edge echo. This structure is a further
contrast to the corresponding pattern of the mirror im-
age of a classic supercell, whose gust front is charac-
terized by a sharp bend, analogous to the occluding
frontal boundaries of a synoptic-scale cyclone (Lemon
and Doswell 1979). Figure 13 illustrates schematically
the difference in gust-front structure between the hy-
pothetical mirror-image left mover, with its sharply
bent gust front (Fig. 13a), and the false-hook left
mover, with its long, straight gust-front confluence line
(Fig. 13b). The sharp bend, or occlusion, in the gust
front of the classic mirror-image storm splits the
downdraft into two cores and concentrates the updraft
core at the occlusion (Fig. 13a). In the false-hook case,
the updraft and downdraft cores remain single elon-
gated units (Fig. 13b); however, the elongated low-
level downdraft (e.g., at 0.3 km in Fig. 14a) is advected
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cyclonically on the west end of the storm to form the
false hook.

The maximum updraft speed of the modeled left
mover is about 16 m s~!. An updraft of this magnitude
may support hailstones up to about 10-15 mm in di-
ameter at the level of their growth (Matson and Hug-
gins 1980). Hailstones up to 27 mm in diameter were
collected from storm E, the observed left mover (sec-
tion 3¢). However, the model operates with a coarse
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FIG. 14. As in Fig. 12b but for (a) 0.3 km, contours of vertical air
motion in units of 0.15 m s~* (downdrafts dashed), and (b) 6.9 km,
contours of vertical air motion in units of 1 m s~ (downdrafts
dashed).
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grid, and local extrema cannot be expected to appear
in the model results.

The overall qualitative agreement between model
and observed reflectivity structure and motion is gen-
erally striking and motivates further inquiry into the
model storm’s dynamics. We therefore now examine
in more detail the model vertical velocity, vorticity,
and pressure patterns to gain insight into the processes
that sustain this type of storm.

5) THE VORTEX COUPLET

In Fig. 15, the model field of vertical velocity for the
left-moving storm is overlaid on the field of the vertical
component of vorticity (henceforth referred to simply
as vorticity ). At 180 min, when the storm is in a mature
state, separate centers of cyclonic and anticyclonic
vorticity are seen. This vortex couplet is seen straddling
the updraft at all altitudes except 0.3 km (Figs. 15b-
d). The relative strengths of the two centers vary with
aititude. At 0.3 km (Fig. 15b), the elongated anticy-
clonic center in the leading-edge updraft zone predom-
inates. At 3.3 km (Fig. 15¢), the cyclonic vorticity cen-
ter is stronger and more circular than its anticyclonic
counterpart. At 6.9 km (Fig. 15d), the two centers have
similar strength. The cyclonic vorticity center is seen
at all levels on the rear south side of the storm and is
collocated with the false hook seen in the updraft ve-
locity and reflectivity fields (Fig. 12). This cyclonic
vorticity indeed played a major role in the establish-
ment of the hooklike appendage. As noted at the end
of section 4b, advection of precipitation particles out
of the leading-edge updraft band and into the cyclon-
ically curved flow created the false hook.

6) VORTICITY EVOLUTION

The evolution of the vortex pair associated with the
left-moving storm is illustrated by Figs. 15a, 15¢, and
15e, which show the vorticity and vertical velocity pat-
terns at 3.3-km altitude at 120, 180, and 210 min after
the start of the simulation, respectively.

At 120 min (Fig. 15a), the axis of the elongated
updraft lies somewhat south of the axis of the elongated
region of anticyclonic vorticity. Thus, the bulk of the
updraft (particularly that part we have called the lead-
ing-edge updraft band) resides in anticyclonically ro-
tating flow, as would be expected for a left-moving su-
percell. However, the centers of maximum updraft and
anticyclonic vorticity do not neatly coincide, and the
trailing part of the updraft, including the southward
hooklike appendage, is divided by the zero vorticity
contour of a vorticity couplet. The latter situation is
qualitatively similar to that in the initial cell, and it is
known that such a division may precede the split of a
cell if the forcing is strong enough (Klemp and Wil-
helmson 1978b).

By 180 min (Fig. 15¢), the dominant updraft center
has shifted its location to the east, farther into the elon-

HOUZE ET AL.

3363

gated zone. However, the phase difference between the
center line of the updraft and the axis of maximum
anticyclonic vorticity has not changed much. The rear-
ward- and southward-extending parts of the updraft
remain divided by the zero contour of the vorticity
couplet. Thus, for a substantial period of time, the left
mover’s updraft is elongated and divided, though not
neatly so, by a vorticity couplet. In this respect, the
storm deviates from classic supercellular structure. And
yet, it also does not display the characteristics of an
ordinary-cell storm. In particular, it does not (at least
obviously) survive by the successive (multicellular)
generation of separate new updrafts on one flank of
the storm, and it does not show a lack of rotation as
ordinary cells are supposed to do. Thus, the left mover
does not fit either the supercell or ordinary-cell para-
digm very well.

Atboth 120 and 180 min, the cyclonic vorticity cen-
ter is the stronger of the two in the left mover at 3.3
km (Figs. 15a and 15¢). The magnitude of that center
continues to amplify. By 210 min (see Fig. 11 and Fig.
15e), it is quite dominant. The principal mechanism
creating the cyclonic vorticity is tilting of horizontal
vorticity. The cyclonic vortex may have played a role
in forming the separate updraft center located in the
false-hook region at this time. The updraft and vortex
centers, now well defined and located in the false-hook
portion of the storm, give the storm the appearance
that 1t is splitting. As the vorticity is cyclonic and highly
correlated with the updraft center, this feature bears at
least a superficial resemblance to yet another splitting
event, with the false-hook region turning into a separate
right-moving storm. However, the false-hook portion
continues to move with and never breaks away from
the left mover in this simulation. Closer inspection of
the model results shows, as noted in section 4b, that
the updraft was not lying above the edge of the low-
level cold pool, as would be required to form a right
mover by means of a split (Wilhelmson and Klemp
1981; Weisman and Klemp 1982).

7) PRESSURE PERTURBATION FIELD

The pressure perturbation field at 180 min is super-
imposed on the vertical velocity pattern in Fig. 16. Four
altitudes are shown. Near the ground (Fig. 16a), high
values of pressure perturbations occur in an elongated
region associated with negative buoyancy in the region
of the downdraft. At 3.3 km (Fig. 16b), negative pres-
sure anomalies are found, with one low center near
the cyclonic vorticity center in the region of the false
hook, on the southwest (right rear) side of the storm,
while a second low appears northeast of the updraft
maximum, on the northeast side (right front) of the
storm, just ahead of the center of the main, leading-
edge updraft. Both lows are clearly separated up to
about 5 km (Fig. 16c). At higher levels (Fig. 16d),
they merge into a single low center southeast of the



3364

Horizontal Distance (km)

Horizontal Distance (km)

Horizontal Distance (km)

70

60

50

40

30

20
70

60

50

40

MONTHLY WEATHER REVIEW

LI B B R |

FESSETEN TE A S

/

LI L B B

50

40

30

20

L L L L LU I

T T T T T T T T T | L L (0T L LI N S T S S et B B LA B
" (2)3.3 km, 120 min 1 7T (6)0.3 km, 180 min \ ]
[/]
P 1 f ]
! - : \o 1
- 1 oo \ .
:/0 0 1 Do 2583 1
[ 1t ]
AEANGAN 1 %0 , ]
: ] /4)/}\; :
:— —_ 40:—/2.5 <. ]
:— 1o -‘
[ . X R ] 207.’. N R RPN TR
30 40 50 ) 60 70 40 50 60 70 80
LA S B B Mt A S B A B B S S S S RS RA s RS URRLINE Mt Rt T T T T T LLANLINL I ofL BN B B B B B N B
() 3.3 km, 180 min 1 "T(d 6.9 km, 180 min \ y;
U4 60 0 Vo
~—] o A\

ool by s ey

30 -
[ o ]
20_./.1 o e 1]
40 50 60 70 80
70T T T T T T T T T
" (€)3.3 km, 210 min

60

50

40

30

20

0

LA B B N B M S S
SR TN S T S TN VT T AN N S SN T SN S S S

L A

PRI D TN T W 1
70
Horizontal Distance (km)

S
(=3

Horizontal Distance (km)
KEY
- cyclonic
Vorticity — _____ anticyclonic
Vertical up
Velocity — ----- down

FIG. 15. Vorticity and vertical velocity in the same subdomain as in Figs. 12 and 14 for the simulation
with the original Gormund hodograph. Cyclonic (heavy solid lines) and anticyclonic (heavy dashed lines)
vorticity in units of 1072 s™'[(a), (¢), and ()], 2.5 X 10™* s~ (b), and 5 X 10~* s~' (d), and in increments
of 1 m s~ (e). Negative values are dashed. Upward (thin solid lines) and downward (thin dashed lines) air
motion in 1 m s~ [(a) and (¢)], 0.3 m s™! (b), and 2 m s (d). Altitudes and times are (a) 3.3 km, 120
min; (b) 0.3 km, 180 min; (¢) 3.3 km, 180 min; (d) 6.9 km, 180 min; and (¢) 3.3 km, 210 min.

VOLUME 121



DECEMBER 1993 HOUZE
) e e B e B B

[ (a) 0.3 km Pressure perturbation 1

[ Vertical velocity i

& \ 4

S3

T T

50

re
&

40

30

”/..l....l.H

20

ET AL. 3365

70

LULJNLJNULINLEN N S B U B S B B S SO [ S BN SRS M B B S ¥

[ (b)3.3km

-

70

LI SN B B A B B B AR Bt S B D MY Sy B B B i

[ 1T
F(c) 4.75 km

Horizontal Distance (km)

30

-30
-

~ 0 //
~
-
g.\?.\gﬁ( AaWd

20

50 60 70 80

0 .
i 5.0 ;2
20’|n/ll.\.‘.\sl\\u

40 50 60 70

Horizontal Distance (km)

FIG. 16. Pressure perturbation and vertical velocity 180 min after the start of the simulation in the same
subdomain as in Figs. 12, 14, and 15 for the simulation with the original Gormund hodograph. Positive
(heavy solid lines) and negative (heavy dashed lines) pressure perturbation in units of 15 Pa (a), 10 Pa (b),
and 5 Pa[(c)and (d)]. Upward (thin solid lines) and downward (thin dashed lines) air motion in 0.3 m s™!
(a),1ms " (b),and 2 m s~ [(c) and (d)]. Altitudes of the plots are (2) 0.3 km, (b) 3.3 km, (c) 4.75 km,

and (d) 6 km.

updraft area, while high pressure anomalies are found
in the western part of the updraft.

In thunderstorms, low pressure anomalies are usually
associated with either hydrostatically balanced thermal
and pressure perturbation fields (e.g., LeMone 1983)
or cyclostrophic vortices in the wind field (Holton
1992). In supercell storms, the pressure perturbations
associated with cyclostrophic vortices are important to
the propagation and continual regeneration of the
storms (Klemp 1987). The vorticity centered in the
vicinity of the false hook at 3.3 km (Fig. 15c) suggests
that the low at this location (Fig. 16b) is cyclostrophic.
In this way, the false-hook region was already showing
some tendency toward supercellular dynamics.

The low on the northern edge of the storm (Fig.
16b) is associated with the vorticity minimum on that
flank of the storm (Fig. 15¢) and, as such, is just ahead
of the main updraft center. It could be partly cyclos-

trophically induced, but the anticyclonic rotation at
this location is weaker than the cyclonic rotation in
the false-hook region. Thus again, the leading-edge up-
draft zone appears to have a somewhat less than defin-
itive resemblance to a supercell storm.

¢. Simulation based on modified hodograph

In section 2c, it was suggested that the slight coun-
terclockwise curvature of the hodograph of the Gor-
mund sounding (solid curve, Fig. 5b) might account
for the fact that the left-moving storm was favored in
that environment, both in the observed case of storm
E and in the simulation described in section 3b. It is
hypothesized that this counterclockwise curvature in-
Jures the right-moving storm that issues from the initial
storm split and delays the second split of the left mover.
In this way, the left mover produced by the original
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10 km

FIG. 17. Same as Fig. 11 but for the simulation
with modified hodograph.

split has a long life, during which it is able to develop
and retain the false-hook-like appendage on its south
side. This long-lived left mover with the slowly devel-
oping appendage on its south side is what has been
dubbed the false-hook storm.

To test this hypothesis, a second simulation was per-
formed in which the only change was to modify the
hodograph in the manner indicated by the dashed curve
in Fig. 5b. This change preserves the magnitude of the
wind shear, but the shear vector now turns clockwise
throughout the entire layer from the surface to 6 km.
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Figure 17 shows the path of the modified hodograph
storms, as indicated by their rainfall patterns and up-
draft areas. The initial split is qualitatively similar to
that in the simulation. The right mover, however, lives
longer and moves more rapidly. The updraft area of
the left mover begins to show an appendage on its south
rear flank about 90 min after the start of the simulation.
The reflectivity field of the left mover exhibits a hook-
like structure for a brief time around 120 min but it is
far more transient and poorly defined than the false
hook in the observed storm E or in the model storm
calculated from the unmodified hodograph. The elon-
gation of the updraft on the leading side of the storm
after 90 min is not as prominent, does not last as long,
and does not intensify as it did in the first simulation.
The main updraft remains in the western part of the
storm.

Figure 18a overlays vertical motion and vertical
vorticity of the left-moving storm at 80 min. As in the
unmodified hodograph storm, the updraft is elongated,
and the elongated portion resides in a zone of anticy-
clonic vorticity. However, in contrast to the other case,
the main updraft center is much more neatly divided
by the vorticity couplet, with anticyclonic vorticity on
the updraft’s north flank and cyclonic vorticity on its
south flank. The updraft has nearly no net rotation at
this time, and the vorticity is strong enough to lead to
a rapid split of the updraft, just as it was able to split
the initial cell. This subsequent split occurs prior to
150 min, much earlier than in the unmodified hodo-
graph case (Fig. 17).

The details of the storm evolution are different be-
tween the two model simulations. In the unmodified
case, a small part of the original left mover’s updraft
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FIG. 18. As in Fig. 15 except for the simulation with modified hodograph. Cyclonic (heavy solid lines) and anticyclonic
(heavy dashed lines) vorticity in units of § X 10™*s™'. Negative values are dashed. Upward (thin solid lines) and
downward (thin dashed lines) air motion in 0.75 m s™! (a) and 1 m s™* (b); (2) 3.3 km, 80 min after the start of the
simulation; (b) 3.3 km, 150 min after the start of the simulation.






