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Intense geophysical columnar vortices are classified as
tornadoes, waterspouts, dust devils or fire whirls depending on
the prevailing environmental circumstances. Such distinction
is not always obvious (Forbes and Wakimoto, 1983), with
waterspouts that form over sea able to move onto land while
tornadoes and dust devils that form over land can move out
to sea (Dinwiddie, 1959; Golden, 1968, 1971, 1974; Golden
and Purcell, 1978; Elsom, 1988). However all vortices require
a source of forcing to concentrate the local vorticity, and this
source can be used to distinguish the more intense and longer
lived tornadoes and waterspouts. These vortices obtain their
forcing from the vertical wind field of an associated parent
cloud, whereas the forcing for the weaker dust devils and fire
whirls comes from strong surface heating.

Apart from the forcing source and the intensity of the
resulting vortex, these geophysical vortices have similar lifecy-
cles and all vortices, whether natural or laboratory generated,
are similar near their cores (Fiedler and Rotunno, 1986). This
similarity has allowed the successful laboratory modelling of
the geophysical vortices (Maxworthy, 1982) and also success-
ful numerical simulation. Our paper compares results from a
numerical simulation of the Great Salt Lake waterspout ob-
served on 26 June 1985 (Simpson et al, 1991) with reported
laboratory vortex phenomena including one- and two-cell vor-
tices, vortex breakdown and centrifugal waves (Snow, 1982).

1. INTRODUCTION

Vortices range from narrow and laminar, with strong
axial updrafts, to broad and turbulent, with weak updrafts.
These two types occur often as one- or two-cell vortices (Fig-
ure 1)1, respectively, where the former are supercritical, unable
to sustain centrifugal (inertial) waves with strong axial upflow,
and the latter are subcritical, able to sustain such waves, and
having axial downflow surrounded by annular upflow (Fiedler
and Rotunno, 1986).

Generally a vortex starts as a one-cell and may remain
such or convert to a two-cell structure as a "vortex break-
down” forms aloft and moves down the axis (upstream). with
complete conversion when this breakdown reaches the lower
surface (Figure 1c) . Such axisymmetric vortex breakdowns
(Figure 1a) are generally characterized by an axial stagna-
tion point with flow reversal downstream enclosed in a swollen
stream surface (Faler and Leibovich, 1977). Flow behaviour
in a concentrated vortex may be characterized by the swirl
parameter Sm = |V|/W, where V and W are the maximum
azimuthal and updraft velocities respectively, evaluated over

'Reproduced from Snow, 1982
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Figure 1: Schematic of (a) a low-swirl one-cell vortex suf-
fering vortex breakdown, (b) a “drowned vortex jump”,
and (c) an intermediate-swirl two-cell vortex (Reproduced
from Snow, 1982).

the whole vortex domain. Vortices can suffer such breakdowns
only when subcritical, with Sm greater or equal to a critical
value, which has been measured as ~ 0.84 (Lugt, 1989).

Vortex breakdown is hard to observe in nature due
to masking by dust, spray, the condensation funnel or parent
cloud, but axial stagnation points in pendant funnels support
their existence and actual vortex breakdowns have been ob-
served (Hoecker, 1960; Golden and Purcell, 1977).

The numerical simulations of the Great Salt Lake wa-
terspout observed on 26 June 1985 (Simpson et al, 1991),
discussed in the previous paper, will be used here to study the
formation of one- and two-cell vortices, vortex breakdown and
vortex decay from both cloud and surface effects. Since all the
simulated one-cell vortices behaved similarly, we concentrate
on those which formed when the vortex model was embedded
at the anticyclonic centre within the LINE cloud model ouput
at 28min into cloud evolution. At this time there are strong
updrafts and circulations present and we shall consider both
time constant (TC) and time varying (TV) boundary condi-
tions (A28L TC and A28L TV, respectively). We shall take as
representative of the two-cell structure the vortex formed when
embedded using time varying boundary conditions within the
LINE cloud model output at 20min cloud time and constrained
to follow the anticyclonic centre (case A20MC).
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Figure 2: Plots, against vortex model time in minutes,
of the maximum values of the absolute azimuthal veloc-
ity (V), the maximum and minimum values of the radial
(U) and vertical (W) velocities, in ms~!, and the modified
swirl parameter (Sm) values found in the inner cylindrical
domain for vortex model runs centered at the anticyclonic
center (at 1200m elevation AGL) in the LINE cloud model
starting at 28min cloud model time with fixed (A28L TC)
and varying (A28L TV) boundary data. Also plots for
the time varying anticyclonic moving center run started at
20min cloud model time (A20MC) are given.

2. VORTEX DECAY: GROUND EFFECTS

The vortex initiated at 28min at the LINE anticyclonic
centre using fixed boundary conditions (A28L TC) was one-
cell and showed no sign of decay during the 20min, run as seen
by the constantly increasing maximum values of its azimuthal
and vertical velocity fields (Figure 2). This is unlike the ob-
served Great Salt Lake waterspout lifetime of 5min (Simpson
et al, 1991) but is typical of vortex models which use constant
boundary conditions (Howells and Smith, 1983). The TC vor-
tex intensification can be explained as the model was started
when the cloud had high circulation and strong updrafts and
these conditions are maintained using the fixed boundary con-
ditions used.

The swirl parameter for this run remained below the
critical .84 (Figure 2). While the vortex did not display any
sign of a breakdown descending from aloft, Sm approached
the critical value after 9min into the run. as the maximum ra-
dial inflow in a jet near the surface, overshot the axis causing
a surface vortex breakdown and centrifugal (inertial) waves
or Bodewadt instabilities (Proctor, 1982) to travel up the
axis within the core. These inertial waves were seen as os-
cillations in the radial and vertical velocity fields on the axis,
and the surface vortex breakdown as a strong axial downdraft
near the surface (Figure 3). Neither phenomena disrupted the
vortex intensification. The maximum azimuthal velocity and
largest pressure deficit occured near the vortex breakdown and
these features were similar to those observed in the laboratory
“"drowned vortex jump” (Figure 1b).
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Figure 3: Three minute time series solution contours over
the inner corner domain (radius 262m, height 1093m) from
3min to 18min vortex time for the fixed boundary condition
20min A28L TC run showing the (a) radial and (b) vertical
velocity fields (ms™1).

When the vortex boundary conditions are allowed to
evolve with the cloud (A28L TV), a more realistic growth and
decay cycle may be observed (Figure 2). Initially the one-cell
vortex evolves as in the A28L TC case developing stronger
rotation and as Sm approaches the critical value, forming
a surface vortex breakdown and axial Bodewadt instabilities
(Figure 4). However, at this stage the model cloud begins to
decay, developing downdrafts near the vortex site which cut
off moist low level inflow to the model vortex domain. Un-
like the fixed boundary condition run (A28L TC) the variable
boundary conditions allow the vortex model to react by cutting
off the radial inflow that feeds the surface jet. This prevents
high-spin air from reaching the core, causing the vortex to de-
crease in strength near the surface and the surface breakdown
and inertial waves to decay. The decay process, seen as a
loss of core structure in the radial and vertical velocity fields
(Figure 4), moves up the axis along with the maximum az-
imuthal velocity and lowest axial pressure deficit while the Sm
values decrease (Figure 2), indicating the cessation of axial
wave activity.

The time varying boundary conditions form the drowned
vortex jump, as in the fixed boundary condition run, but create
a more realistic waterspout simulation by allowing the cloud to
initialize the vortex and then lead to its decay. Observed wa-
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Figure 4: Three minute time series solution contours over
the inner corner domain (radius 262m, height 1093m) from
3min to 18min vortex time for the 20min A28L TV run
showing the (a) radial, and (b) vertical velocity fields
(ms™1).

terspouts often decay in a similar manner when gust fronts cut
the vortex off from the surface (Golden, 1974b; Lilly, 1982).

3. VORTEX DECAY: CLOUD EFFECTS

As in the previous runs, the A20MC vortex which used
variable boundary conditions and followed the clouds anticy-
clonic centre started as a one-cell vortex and developed an
axial surface vortex breakdown and Bodewadt instabilities at
9min as Sm approached the critical value (Figure 2). Again
these instabilities have little effect on the vortex development
although in this case a secondary vortex breakdown now de-
velops aloft (2500m) and prevents the tight axial core from
growing up the axis (Figure 5a). As the vortex core continues
to spin up, this breakdown moves down the axis, broadening
the core aloft and leaving an elongated flow reversal region
behind it.

The extent of the secondary breakdown along the axis
is seen in the radial and vertical velocity fields near the corner

(Figure 6), and at 15min vortex time the situation is similar to
the intermediate-swirl vortex (Figure 1c), with leading break-

down near the surface, secondary breakdown aloft and large
axial downflow above this. The inertial waves are trapped be-
tween these two breakdowns and a complete two-cell vortex
forms as the secondary breakdown approaches the surface.
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The maximum azimuthal velocity and largest pressure
deficit are always associated with the first breakdown, except
near 18min vortex time. This departure is not due to surface
effects like the A28L TV run, as the cloud continues to pro-
vide low-level radial inflow; rather it is due to cloud effects that
cause the two-cells broad downflow core aloft to become un-
stable. The instability aloft is first indicated after 15min vortex
time as a wave, seen in the full vortex domain radial and ver-
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Figure 5: Three minute time series solution contours over
the full vortex domain (radius 1200m, height 5000m) from
9min to 27min vortex time for the 28min A20MC run show-
ing the (a) absolute zonal, (b) radial, and (c) vertical ve-
locity fields (ms=!).



tical velocity fields to be toroidal in nature (Figure 5), which
is associated with large pressure signatures moving down the
the core edge disrupting the upper vortex but not the lower
region to the same extent.

This toroidal system forces the full length of the core
to expand as it moves down the vortex, decreasing the max-
imum azimuthal velocity (Figure 2). At 18min the leading
toroid progresses far enough down the core for its flow field to
cause strong radial inflow to the axis. This inflow, and conser-
vation of angular momentum, causes the maximum azimuthal
velocity and largest pressure deficit to occur here (1250m) in-
stead of at the first- breakdown at the surface. With these
toroidal flow fields now reaching the axis, the core downflow
is totally cut off from its parent cloud source and so dimin-
ishes. The surface radial inflow now begins to re-establish an
axial upflow which attempts to regenerate the vortex. Dur-
ing this run Sm achieves the largest values of all runs, with
a maximum of 1.2 well above the critical value, for extended
periods and as is indicated by these Sm values is the only run
to become two-cell.

The toroidal waves destroyed the vortex aloft while the
lower levels lost intensity but remained intact. This vortex de-
cay thus differs appreciably from the two previous runs but the
toroids do resemble bulges that were observed travelling down
the funnel in a video tape of the actual Great Salt Lake water-
spout. Such downward travelling waves have been observed in
other geophysical vortices (Hurd, 1950; Reber, 1954; Golden,
1974).

4.  CONCLUSIONS

Axisymmetric numerical simulations of the Great Salt
Lake waterspout event of 26 June 1985 have been compared
with laboratory vortices and have exhibited important features
of the latter. The numerical vortices with imposed time con-
stant boundary conditions behaved in a like manner to the

low-swirl one-cell laboratory vortices displaying vortex break-
down, drowned vortex jumps and inertial waves. When time
varying boundary conditions were used, these features were
also present but the cloud influenced vortex development more
directly and more realistic vortex evolution was observed with
decay as the cloud decayed.

The final simulation had time varying boundary con-
ditions and was able to follow the anticyclonic centre of the
cloud, produced a two-cell vortex that displayed decay from
aloft due to the downward motion of toroidal waves which
resembled those observed in the actual waterspout sighting.
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