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Figure 7.6: Structure of the simulated May 15, 1991 tornado at z=30m at 2126 UTC on
Grid #6. Plotted is the (a) vertical velocity (contour interval 1ms~!), (b) pressure (contour
interval 1mb) overlayed with the horizontal winds. (¢) vertical vorticity (contour interval
0.03s71), (d) wind speed (contour interval 4ms~!). Dashed contours denote negative values.

/ind barbs in (b) are plotted at every other model grid point. The short (long) flag on the
wind barb denotes a wind speed of 3ms~! (10ms™1!).
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Figure 7.9: Evolution of the pressure field at the lowest model level (z=50m) on a subset of
Grid #6 at (2) 2146:30 UTC, (b) 2147 UTC, (c) 2148:45 UTC, (d) 2149:45 UTC. (e) 2150:45
UTC, (f) 2151:45 UTC. (g) 2152:45 UTC, (h) 2153:45 UTC, (i) 2154 UTC. (j) 2154:45 UTC.
(k) 2155:30 TTC. (1) 2156:15 UTC. Contour interval is 0.75 mb. The position and number
of the secondary vorticies are denoted by the arrows and labels. The dashed lines denote
weak disturbances in the pressure field.
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Figure 7.10: Evolution of the vertical velocity field at the lowest model level (z=30m) on
a subset of Grid #6 at (a) 2145:30 UTC. (b) 2146:30 UTC. (c) 2147 UTC. (d) 2148 UTC.
(e) 2148:45 UTC. (f) 2149:45 UTC. (g) 2150:45 UTC. (h) 2151:30 UTC. (i) 2152:15 UTC.
(3) 2153:15 UTC. (k) 2154 UTC, (1) 2154:15 UTC. (m) 2154:45 UTC, (n) 2155:30 UTC.
(o) 2156:15 UTC. (p) 2157 UTC. The contour interval is Ims~!. Dashed contours denote
negative values. The position of the pressure center associated with the secondary vortices
are denoted by dots. Weak disturbances in the pressure field are denoted with dashed lines.
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Figure 7.11: Evolution of the vertical velocity field at z=384m on a subset of Grid #6 at
(2) 2146 UTC. (b) 2147 UTC. (c) 2148 UTC. (d) 2148:30 UTC, (e} 2149 UTC. (f) 2149:30
UTC. (g) 2150 UTC. (h} 2150:30 UTC. The contour interval is 2ms~!. Dashed contours
denote negative values. The two outside downdrafts are denoted by D1 and D2. Note how
the position of central downdraft follows the leading edge of D2.
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Figure 7.12: Evolution of the vertical vorticity field at the lowest model level (z=30m) on a
subset of Grid #6 at (a) 2145:30 UTC. (b) 2146:30 UTC. (c) 2147 UTC. (d) 2148:45 UTC.
(e) 2149:15 UTC, (f) 2149:45 UTC. (g) 2150:30 UTC, (h) 2151:15 UTC. (i) 2152 TTC. (j)
2152:30 UTZ. (k) 2153:15 UTC. (1) 2153:45 UTC. (m) 2154 TTC, (n) 2154:15 UTC. (o)
2155:30 UTC, (p) 2156:15 UTC. The contour interval is 0.03s~!. Dashed contours denote
a value of zero. The position of the pressure centers associated with the secondary vortices
are denoted by dots. Weak disturbances in the pressure field are denoted with dashed lines.
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Figure 7.13: Evolution of the vortex-relative wind speed at the lowest model level (z=50m)
on a subset of Grid #6 at (a) 2147 UTC. (b) 2148:145 UTC. (c) 2149:30 UTC. (d) 2150:45
UTC.(e) 2151:30 UTC, (f) 2152:30 UTC. (g) 2153:45 UTC, (h) 2154:15 UTC. Two different
sets of contours are shown. The darker contours are wind speeds between 0 — 10ms~!. The
lighter contours are wind speeds greater than 32ms~1. The contour interval for both sets
of contours is 2ms~!. The position of the pressure centers associated with the secondary
vortices are denoted by dots. Weak disturbances in the pressure field are denoted with
dashed lines.
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Figure 7.14: Vertical structure of the pressure field associated with SV3 at 2150:15 UTC.
The pressure field on a subset of Grid #6 at z=50m is contoured every 0.5mb. The dots
show the position of the pressure minimum associated with SV3 at the heights indicated on
the figure. The dashed lines denote the positions of the minimum in the pressure waves at
z=1132m and z=1516m.
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Figure 7.15: Vertical structure of the pressure field associated with SV4 at 2151:45 UTC.
The pressure field on 2 subset of Grid #6 at z=50m is contoured every 0.5mb. The dots
show the position of the pressure minimum associated with S§V4 at the heights indicated on
the figure. The dashed lines denote the positions of the minimum in the pressure waves at
z=1132m and z=1516m.
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Figure 7.16: Evolution of the vortex-relative winds and the horizontal divergence field at
the lowest model level (z=30m) on a subset of Grid #6. Plotted is the vertical vorticity
field overlayed with the horizontal winds at (a) 2146 UTC. (c) 2148:45 UTC. (e) 2150:30
UTC, (g) 2152:30 UTC, and the horizontal divergence field at (b) 2146 UTC. (d) 2148:45
UTC. (f) 2150:30 UTC, (h) 2152:30 UTC. The vertical vorticity is contoured every 0.06s~!

The horizontal divergence is contoured every 0.02s~1.
values (i.e. convergence). Wind barbs are plotted at every third model grid point.

Dashed contours denote negative
The

short (long) flag on the wind barb denotes a wind speed of 5ms~! (10ms—!).
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Chapter 8

SUMMARY, CONCLUSIONS, AND FUTURE WORK

A nested grid primitive equation model (RAMS version 3b) was used to study various
aspects of tornadoes and the thunderstorms that produce them. These simulations were
unique in that the model was initialized with synoptic data, and atmospheric flows ranging
from the synoptic-scale down to the tornado-scale to be represented in the model through the
use of telescoping nested grids. Two different case studies were simulated in this study: June
30, 1993. and May 15. 1991. A brief summary of each simulation and the major conclusions
reached through the analysis of these simulations are presented below. Suggestions for

future research are also provided at the end of the chapter.

8.1 June 30, 1993, HP Supercell Simulation

The June 30, 1993 simulation produced a small convective cluster containing two su-
percells which interact and evolve into an HP supercell. The HP supercell follows the
bow-echo life-cycle with a rotating comma head structure. The initial storm (S1) develops
at the intersection between an old outflow boundary and a stationary front. and maintains
supercell characteristics during its entire lifetime. Other storms later develop to the west
of the S1 and one of these storms (S2) merges with storms along the flanking line of S1.
producing a larger convective storm in which S1 becomes the main mesocyclone. and $2
(losing its supercell characteristics) becomes part of a large flanking line.

The initial storm (S1) starts out as a classical supercell, but evolves into a large storm
which has many characteristics of an HP supercell which include: both multi-cell and
supercell behavior. production of very heavy precipitation. strong winds, weak tornadoes.

and evolution into a ‘rotating comma head’ structure (bow-echo).
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An analysis of the storm’s transition into a bow-echo was presented. and the major

findings are:

e The flanking line serves as a vorticity source for the simulated HP supercell. This was
seen in the evolution of the vertical vorticity field at several levels, and was confirmed
with trajectory calculations. The positive vorticity generated along the flanking line
which is then advected northward into the mesocyclone contributes to the dominance

of the cyclonic vortex in the bow-echo.

o The interaction between convective cells was important in the transition of the storm
into 2 rotating comma-head structure in this case. Following the merger of S1 and 52,
the precipitation rate increased. increasing the pressure behind the gust front. This
lead to an acceleration of the gust front which triggered the storm’s transition into a

bow-echo.

e Although the storm emits a large amplitude deep-tropospheric gravity wave just prior
to the storm’s transition into a bow-echo. the gravity wave did not appear to contribute

to the storm’s transition.

8.2 June 30, 1993 Tornado Simulation

The June 30. 1993. simulated supercell produced two weak tornadoes. The first
tornado (T1) developed in a vertical velocity gradient created at the interface of an up-
draft/downdraft along the flanking line of the storm to the southeast of the mesocyclone.
Maximum wind speeds with T1 reached 28ms~! with a maximum pressure deficit of 5mb
near the surface. About twenty minutes later, a second tornado (T2) developed along a
strong horizontal shear zone created by strong outflow beneath the rotating comma-head
structure of the HP supercell. T2 had maximum wind speeds of 30ms~! with 2 maximum
pressure deficit of 6mb near the surface. An analysis of the tornadogenesis process was also

performed. and the major conclusions are summarized below:

e Both tornadoes developed first near the surface, and then developed upward into the

storm. T1 reached a depth of 5-6km. while T2 only reached a depth of about 2km.
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¢ Neither tornado was clearly linked to the mesocyclone in the parent storm. T1 devel-
oped southeast of the mesocyclone and was clearly not associated with the mesocy-
clone at any point in its lifetime. The connection between T2 and the mesocyclone is

more tenuous.

¢ Results from the circulation analyses revealed that the circulation associated with
both tornadoes was already present at low-levels in the storm environment 15-20

minutes before the tornadoes developed.

¢ The baroclinic term associated with the downdraft made a negligible contribution to
the circulation in this case. indicating that baroclinically-generated horizontal vor-
ticity in the downdraft is not a prerequisite for tornado development in all cases.
However. the downdraft did play an important role in tilting horizontal vorticity into
the vertical just above the surface in the near-tornado environment where horizontal

convergence could then act to amplify it.

In the June 30. 1993 simulation. downdrafts played a significant role in the develop-
ment of both tornadoes as the vertical vorticity of parcels entering the tornado from the
downdrafts became positive (or was increased) through tilting of horizontal vorticity into
the vertical by the downdraft gradient as the parcels were exiting the downdraft. Similar
results were found (although over a large depth) in the simulations of two classical supercell
tornadoes by Grasso (1996). However. in Grasso's simulations. baroclinicity significantly
increased the circulation around material curves converging toward the tornadoes, perhaps
explaining why the tornadoes produced in his simulations were stronger than the tornadoes
simulated in the June 30. 1993 case presented here. Despite this difference. all the torna-
does simulated in this study and those simulated by Grasso (1996) developed first near the
surface. and then developed upward into the storm. These results suggest a possible alter-
nate interpretation to the role of the mesocyclore in the tornadogenesis process. Perhaps
the role of the mesocyclone is to create a dynamically driven downdraft and a region of
strong convergence near the surface. The downdraft acts to tilt horizontal vorticity into

the vertical, creating positive vertical vorticity as air parcels near the surface which is then
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amplified through strong surface convergence below the mesocyclone. The strong updraft

associated with the mesocyclone then draws the vortex upward into the storm.

8.3 Simulated Secondary Vortices—May 15, 1991 Case

The May 15, 1991, simulation produced a classical supercell which developed along
the dryline in the Texas panhandle as was shown by Grasso (1996). This supercell in turn
produced 2 tornado which lasted for 50 minutes in the simulation. During a ten minute
period toward the end of the simulation, six secondary vortices developed within the main
tornado vortex. The simulated secondary vortices had many features in common with
multiple-vortex tornadoes and secondary vortices produced in laboratory vortices. The
evolution and structure of the simulated secondary vortices was presented. and the major

results are summarized below:

¢ The onset of secondary vortex production occurs shortly after the parent vortex devel-
ops a well-defined two-celled structure (as defined by a annular updraft and vertical
vorticity ring) through the depth of the boundary layer. The end of the secondary
vortex development occurs shortly after the two-celled structure breaks down along

the north/northeast quadrant of the parent vortex.

e The secondary vortices develop along the southeast quadrant and in the interior of
the parent vortex where the radial shears of the tangential wind. vertical vorticity,
and vertical velocity are generally largest. This is also the region of the parent vortex
where the low-level convergence is continually the greatest. The secondary vortices

dissipate before making a complete revolution around the parent vortex.

e The secondary vortices wrap anticyclonically around the parent vortex with height.
This is in agreement with observations. and theoretical and laboratory studies. The
simulated secondary vortices also had many other characteristics in common with

both observations and laboratory studies of the multiple-vortex phenomenon.
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e The calculated swirl ratio in the simulation lies between 1.1-2.3 which is in both
the observational range for multiple-vortex tornadoes and in the laboratory range for

secondary vortices.

The model results support the idea that secondary vortices arise from instabilities in
the parent vortex flow. In the simulation. two different downdrafts develop on the outside of
the parent vortex during the period of secondary vortex development. and wrap around the
southern and eastern sides of the vortex in time. The position of these downdrafts relative
to the parent vortex coincides with the region of the secondary vortex development. The
role of these downdrafts in the development of the secondary vortices may be to enhance
radial gradients of both the vertical and tangential velocities in the parent vortex. thereby

destabilizing or enhancing the instability of the flow in these regions.

8.4 Suggestions for Future Research

The results from these simulations and some of the limitations in the present study
raised several issues which could be addressed in future work. A few suggestions are given

below.

e It would be interesting to do further analysis on the vorticity source for the meso-
cyclone in the June 30. 1993 case both before and during the transition of the HP
supercell into a bow-echo and compare the results with Weisman (1993). The flow
around the storm is significantly different than the flow associated with classical su-

percells.

e In the HP supercell simulation. the upstream propagating deep tropospheric gravity
wave was much weaker than the downstream propagating wave. and did not appear to
contribute to the storm’s transition into a bow-echo. This is in contrast to studies of
mesoscale convective systems (MCS) which have shown that the upstream propagat-
ing gravity waves play a significant role in the development of the MCS. It would be
interesting to investigate the possibility that environments which allow the propaga-

tion of the gravity waves upstream away from the storm mark the difference between
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environments which can support the larger MCS systems and environments which

support only isolated storms and smaller convective clusters.

e The most obvious drawback in the current simulations is that the grid spacing on
Grid #6 (100m) is pushing the upper bound for resolving tornadic-scale motions.
With continued increases in computer power, future simulations using even smaller

grid spacings to better resolve tornadic flows should be possible.

e One problem in the tornado simulations (both the June 30 case and the May 15
case) is that the tornado continues to expand in time through most of its life cycle.
This appears to be a feature in all model simulations to date in which both the
parent thunderstorm and the tornado are simulated (Wicker and Wilhelmson. 1993.
1995: Grasso. 1996). The reason for this (be it physical or numerical) needs to be

investigated.

e It would be interesting to construct an axisvmmetric ‘basic state’ vortex in the May
15 simulation by taking azimuthal averages of model fields at a given radius. and
then look at perturbations from the basic state during the period that the secondary
vortices were developing. This may provide further insight into why the secondary

vortices develop/dissipate where thev do in the parent vortex.

e [t would also be interesting to investigate how the secondary vortices affect the parent
vortex. In the present simulation. ‘eddy fluxes’ created by the secondary vortices could

be used to calculate tendencies in the parent vortex flow due to the secondary vortices.

Of course to really resolve the scales of most tornadoes produced in the atmosphere.
primitive equation models would need to have grid spacings between 10-20m in both the
horizontal and vertical directions. This provides a challenge for future modelling studies of

severe storms and tornadoes.



276

References

Agee, E., C. Church, C. Morris, and J. Snow, 1975: Some synoptic aspects and dynamical
features of vortices associated with the tornado outbreak of 3 April, 1974. Mon. Wea.

Rev., 103. 318- 333.

Agee, E.M.. J.T. Snow, F.S. Nickerson, P.R. Clare, C.R. Church, and L.A. Schaal. 1977:
An observational study of the West Lafayette, Indiana, tornado of 20 March. 1976.

Mon. Wea. Rev.. 105. 893- 907.

Arakawa, A., and V.R. Lamb, 1981: A potential enstrophy and energy conserving scheme

for the shallow water equations. Mon. Wea. Rev., 109, 18-36.

Avissar, R.. and R.A. Pielke. 1989: A parameterization of heterogeneous land surfaces for
atmospheric numerical models and its impact on regional meteorology. Won. Wea.

Rev.. 117. 2113- 2136.

Baker, G.L.. and C.R. Church. 1979: Measurements of core radii and peak velocities in

modeled atmospheric vortices. .J. Atmos. Sci.. 36, 2413-2424.

Barnes. S.L.. 1964: A technique for maximizing details in numerical weather map analysis.

J. Appl. Meteor., 3. 396-409.

Barnes, S.L.. 1968: On the source of thunderstorm rotation. ESS4 Tech. Memo. ERLTM-

NSSL 38. National Severe Storms Laboratory, Norman. OK. 28 pp.

Barnes, S.L.. 1973: Mesoscale objective map analysis using weighted time-series observa-
tions. NOAA Technical Memorandum ERL NSSL-62. National Severe Storms Lab-

oratory. Norman. OK. 38 pp.

Barnes, S.L., 1978a: Qklahoma thunderstorms on 29-30 April, 1970. Part II: radar-observed

merger of twin hook echoes. Mon. Wea. Rer.. 106, 685-696.



277

Barnes, S.L., 1978b: Oklahoma thunderstorms on 29-30 April, 1970. Part III: tornado

characteristics inferred from damage tracks. Mon. Wea. Rev., 106, 697-703.

Barnes, S.L., and C.W. Newton, 1986: Thunderstorms in the synoptic setting. Thunder-
storm Morphology and Dynamics, E. Kessler. ed.. University of Oklahoma Press.

Norman, Oklahoma, 75-112.

Batchelor, G.K., 1967: An Introduction to Fluid Dynamics. Cambridge University Press,

615pp.

Blechman, J.B.. 1975: The Wisconsin tornado event of April 21. 1974: Observations and
theory of secondary vortices. Preprints, 9th Conf. on Severe Local Storms.. Norman.

OK., Amer. Meteor. Soc., 344-349.

Bluestein. H.B.. and C.R. Parks. 1983: A synoptic and photographic climatology of low-
precipitation severe thunderstorms in the southern plains. Mon. Wea. Rev.. 111.

2034-2046.

Bluestein. H.B.. 1984: Further examples of low-precipitation severe thunderstorms. Mon.

Wea. Rev.. 112, 1385-1888.

Bluestein. H.B.. and G.R. Woodall. 1990: Doppler-radar analysis of a low-precipitation

severe storm. Mon. Wea. Rev.. 118, 1640-166.1.

Bluestein. H.B.. 1985. The formation of a landspout’ in a ‘broken-line’ squall line in Okla-
homa. Preprints. 14th Conf. on Severe Local Storms, Indianapolis. IN. Amer. Meteor.

Soc.. 267-270.

Brady. R.H.. and E.J. Szoke. 1989: A case study of non-mesocyclone tornado development
in northeast Colorado: Similarities to waterspout formation. Won. Wea. Rev.. 117,

843-856.



278

Brandes, E.A.. 1977: Gust front evolution and tornadogenesis as viewed from Doppler

radar. J. Appl. Meteor., 16, 333-338.

Brandes, E.A., 1978: Mesocyclone Evolution and Tornadogenesis: Some Observations. Mon.

Wea. Rev., 106, 995-1011.

Brooks, H.E., and R.B. Wilhelmson, 1992: Numerical simulation of a low-precipitation

supercell thunderstorm. Meteor. Atmos. Phys.. 49, 3-17.

Brooks, H.E., C.A. Doswell III. and R. Davies-Jones. 1993: Environmental helicity and
the maintenance and evolution of low-level mesocyclones. The Tornado: [ts Struc-
ture. Dynamics. Prediction. and Hazards, Geophys. Monogr.. No.79. Amer. Geophys.
Union. 97-104.

Brooks. H.E.. C.A. Doswell III. and R. B. Wilhelmson. 1994: The role of mid-tropospheric
winds in the evolution of maintenance of low-level mesocvclones. Won. Wea. Rev..

122, 126-136.

Browning, K.A.. 1964: Airflow and precipitation trajectories within severe local storms

which travel to the right of the winds. .J. Atmos. Sci.. 21. 634-639.

Browning, K.A.. 1968: The organization of severe local storms. Weather. 23. 129-134.

Burgess. D.W.. and E.B. Curran. 1985: The relationship of storm tvpe to environment in
Oklahoma on 26 April. 1984. Preprints. 14th Conf. on Severe Local Storms. Indi-

anapolis. Amer. Meteor. Soc., 208-211.

Burgess. D.W.. L.R. Lemon, and R.A. Brown, 1973: Tornado characteristics revealed by

Doppler radar. Geophys. Res. Lett.. 2. 183-184.



279

Burgess, D.W., R.A. Brown, L.R. Lemon, and C.R. Safford, 1977: Evolution of a tornadic
thunderstorm. Preprints, 10th Conf. on Severe Local Storms, Omaha. Nebraska.

Amer. Meteor. Soc.., 84-89.

Burgess, D.W.. and R.P. Davies-Jones, 1979: Unusual tornadic storms in eastern Oklahoma

on 5 December. 1975. Mon. Wea. Rev., 107, 451-457.

Burgess, D.W.. and R.J. Donaldson. Jr.. 1979: Contrasting tornadic storm types. Preprints.
11th Conf. on Severe Local Storms. Kansas City. Missouri. Amer. Meteor. Soc.. 189-

192.

Burgess, D.W.. V.T. Wood, and R.A. Brown, 1982. Mesocyclone evolution statistics. Preprints.

12th Conf. on Severe Local Storms. Amer. Meteor. Soc., 84-89.

Burgess. D.W.. R.J. Donaldson. Jr.. and P.R. Desrochers. 1993: Tornado detection and
warning by radar. The Tornado: Its Structure. Dynamics. Prediction. and Hazards.

Geophys. Monogr.. No.79. Amer. Geophys. Union. 203-221.

Calianese. E.J.. Jr.. A.R. Moller. and E.B. Curran. 1996: A WSR-88D analysis of a cool
season. elevated high-precipitation supercell. Preprints. 18th Conf. on Severe Local

Storms. San Francisco. CA. Amer. Meteor. Soc.. 96-100.

Carbone. R.E.. 1983: A severe frontal rainband. Part II: Tornado parent vortex circulation.

J. Atmos. Sci., 40. 2639-2654.

Chen. C.. and W.R. Cotton. 1983a: A one-dimensional simulation of the stratocumulus-

capped mixed layver. Bound. Layer Meteor.. 25. 289- 321.

Chen. C.. and W.R. Cotton. 1983b: Numerical experiments with a one-dimension higher
order turbulence model: Simulation of the Wangara day 33 case. Bound. Layer Me-

teor., 25, 375-404.



280

Church, C.R.. and J.T. Snow, 1979: The dynamics of natural tornadoes as inferred from

laboratory simulations. J. Rech. Atmos., 13, 111-133.

Church. C.R., J.T. Snow. G.L. Baker, and E.M. Agee, 1979: Characteristics of tornado-like
vortices as a function of swirl ratio: A laboratory investigation. J. Atmos. Sci., 36,

1755-1776.

Church. C.R.. and J.T. Snow. 1993: Laboratory models of tornadoes. The Tornado: Its
Structure. Dynamics, Prediction. and Heazards, Geophys. Monogr.. No.79. Amer.

Geophys. Union, 277-295.

Clark. T.L., and R.D. Farley, 1984: Severe downslope windstorm calculations in two and
three spacial dimensions using anelastic interactive grid nesting: A possible mecha-

nism for gustiness. .J. Atmos. Sei.. 41. 329-350.

Davies. H.C.. 1976: A lateral boundary formulation for multi-level prediction models. Tellus.

102, 105-418.

Davies-Jones, R.P.. 1973: The dependence of core radius on swirl ratio in a tornado simu-

lator. J. Atmos. Sci.. 30. 1427-1430.

Davies-Jones. R.P.. and E. Kessler. 1974: Tornadoes. Weather Modification and Climate.

W.N. Hess. ed.. John Wilev and Sons. New York, 552-595.

Davies-Jones. R.P.. D. Burgess. L.R. Lemon. and D. Purcell. 1978: Interpretation of surface
marks and debris patterns from the 24 May, 1973 Union City. Oklahoma tornado.

Mon. Wea. Rev., 106. 12-21.

Davies-Jones. R.P.. 1982a: Observational and Theoretical Aspects of Tornadogenesis. Top-
ics in Atmospheric and Oceanographic Sciences: Intense Atmospheric Vortices. Bengts-

son, Lighthill, ed., Springer-Verlag, Berlin, 175-189.



281

Davies-Jones. R.P., 1982b: A new look at the vorticity equation with application to tor-
nadogenesis. Preprints, 12th Conf. on Severe Local Storms. Amer. Meteor. Soc..

249-252.

Davies-Jones. R.P., 1983: Tornado Dynamics. Thunderstorm Morphology and Dynamics.

Edwin Kessler, ed., University of Oklahoma Press. 197-236.

Davies-Jones. R.P.. 1984: Streamwise vorticity: the origin of updraft rotation in supercell

storms. J. Atmos. Sci.. 41, 2991-3006.

Davies-Jones. R.P.. 1985: Dynamical interaction between an isolated convective cell and
a veering environmental wind. Preprints, 14th Conf. on Severe Local Storms. Indi-

anapolis. IN. Amer. Meteor. Soc., 216-219.

Davies-Jones, R.P., D. Burgess, and M. Foster, 1990: Test of helicity as a tornado forecast
parameter. Preprints. 16th Conf. on Severe Local Storms. Amer. Meteor. Soc.. 388-

392.

Davies-Jones. R.P.. and H. Brooks. 1993: Mesocyclogenesis from a theoretical perspective.
The Tornado: Its Structure. Dynamics. Prediction. and Hazards. Geophys. Monogr..

No.79. Amer. Geophys. Union, 105-114.

Deal. R.L., Y.-L. Lin. M.S. Kulie. and D.S. Decroix, 1996: Observations and simulation of a
long-lived tornadic storm: The 27 March. 1994 Cherokee County. Alabama supercell.

Preprints. 18th Conf. on Severe Local Storms. Amer. Meteor. Soc.. 245-249,

Doswell, C.A.. III. The operational meteorology of convective weather. vol. II. storm-scale

analysis, NOAA Tech. Mlemo. ERL ESG-13.

Doswell, C.A.. [II. and D.W. Burgess. 1993: Tornadoes and tornadic storms: A review of
conceptual models. The Tornado: Its Structure, Dynamics, Prediction. and Hazards.

Geophys. Monogr.. No.79. Amer. Geophys. Union, 161-172.



282

Doswell, C.A., III, A.R. Moller, and R. Przybylinski, 1990: A unified set of conceptual
models for variations on a supercell theme. Preprints, 16th Conf. on Severe Local

Storms, Kananaskis Park, Alberta, Canada, Amer. Meteor. Soc.. 40-435.

Drazin, P.G.. and W.H. Reid. 1981: Hydrodynamic Stability. Cambridge University Press,

New York, 525 pp.

Droegemeier, K.K., S.M. Lararus. and R. Davies-Jones, 1993: The influence of helicity on

numerically simulated convective storms. Won. Wea. Rev.. 121. 2005-2029.

Fiedler. B., 1997: Three-dimensional numerical simulations of tornadoes. Preprints. IIth

Conf. on Fluid Dynamics., Tacoma. WA. Amer. Meteor. Soc.. 73-76.

Foote, G.B.. and H.W. Frank, 1983: Case study of a hailstorm in Colorado: part III: Airflow

from triple-Doppler measurements. .J. Atmos. Sci.. 40. 636-707.

Forbes. G.S.. 1978: Three scales of motions associated with tornadoes. Ph.D. Dissertation.

University of Chicago. 359pp.

Forbes. G.S.. and R.M. Wakimoto, 1983: A concentrated outbreak of tornadoes. downbursts
and microbursts. and implications regarding vortex classification. Won. Wea. Rev..

111. 220-235.

Fovell. R.G.. and Y. Ogura. 1989: Effect of Vertical Wind Shear on Numerically Simulated

Multicell Storm Structure. J. Atmos. Sci.. 46. 3144-3176.

Fujita, T.T.. 1970: The Lubbock tornadoes: A studyv of suction spots. Weatherwise. 23.

161-173.

Fujita, T.T.. 1971: Proposed mechanism of suction spots accompanied by tornadoes. Preprints.

7th Conf. on Severe Local Storms., Kansas Citv, MO, Amer. Meteor. Soc.. 208-213.

Fujita, T.T.. 1974: Jumbo tornado outbreak of 3 April, 1974. Weatherwise, 27, 116-174.



283

Fujita, T.T., 1975: New evidence from April 3-4, 1974 tornadoes. Preprints, 9th Conf. on

Severe Local Storms., Norman, OK. Amer. Meteor. Soc., 252-255.

Fujita, T.T., 1978: Manual of downburst identification for Project Nimrod. SMRP Res.
Paper 156, Univ. of Chicago, Chicago, IL, 104 pp.

Fujita, T.T., 1979: Objectives, operation, and results of project NIMROD. Preprints. 11th

Conf. on Severe Local Storms, Kansas City. Missouri. Amer. Meteor. Soc.. 259-266.

Fujita, T.T.. 1981: Tornadoes and downbursts in the context of generalized planetary scales.

J. Atmos. Sci., 38, 1511-1534.

Fujita. T.T.. 1989: The Teton-Yellowstone tornado of 21 July. 1987. Mon. Wea. Rev.. 117.

1913-1940.

Fujita. T.T.. D.L. Bradbury, and C.F. Van Thullenar. 1970: Palm Sunday tornadoes of
April 11. 1965. Mon. Wea. Rev.. 98. 29-69.

Fujita. T.T.. and B.E. Smith, 1993: Aerial survey and photography of tornado and mi-
croburst damage. The Tornado: Its Structure. Dynamics. Prediction. and Hazards.

Geophys. Monogr.. No.79. Amer. Geophys. Union. 479-493.

Gall, R.L.. 1983: A linear analysis of the multiple vortex phenomenon in simulated torna-

does. .J. Atmos. Sci.. 40, 2010-2024.

Golden, J.H.. and D. Purcell, 1977: Photogrammetric velocities for the Great Bend. Kansas.
tornado of 30 August. 1974: accelerations and asymmetries. Mon. Wea. Rer.. 105.

485-492.

Golden, J.H.. and D. Purcell. 1978: Airflow characteristics around the union city tornado.

Mon. Wea. Rev., 106, 22-28.



284

Grasso, L.D., and W.R. Cotton, 1995: Numerical simulation of a tornado vortex. J. Atmos.

Sei., 52, 1092-1203.

Grasso, L.D.. 1996: Numerical simulation of the May 15 and April 26. 1991 tornadic thun-

derstorms. Ph.D. Dissertation, Colorado State University, 151pp.

Hane. C.E., C.L. Ziegler. and H.B. Bluestein. 1993: Investigation of the dryline and con-
vective storms initiated along the dryline: field experiments during COPS-91. Bull.

Amer. Meteor. Soc.. T4, 2133-2145.

Hill. G.E., 1974: Factors controlling the size and spacing of cumulus clouds as revealed by

numerical experiments. J. Atmos. Sei.. 31. 646-673.

Holle. R.L.. and M.W. Maier. 1980: Tornado formation from downdraft interaction in the

FACE Mesonetwork. Mon. Wea. Rev.. 108. 1010-1028.

Houze. R.A.. and C-P. Cheng. 1977: Radar characteristics of tropical convection observed
during GATE: Mean properties and trends over the summer season. Mon. Wea. Rev..

105, 964-980.

Howard. L.N.. and A.S. Gupta. 1962: On the hydrodynamic and hydromagnetic stability

of swirling flows. J. Fluid Mech.. 14. 163-476.

Imy. D.A.. and K.J. Pence. 1993: An examination of a supercell in Mississippi using a tilt
sequence. The Tornado: Its Structure. Dynamics. Prediction, and Hazards. Geophys.

Monogr.. No.79. Amer. Geophys. Union. 257-264.

Johns. R.H.. and W.D. Hirt. 1987: Derechos: Widespread convectively induced windstorms.

Wea. Forecasting, 7. 588-612.



285

Johnson, K.W., P.S. Ray, B.C. Johnsor, and R.P. Davies-Jones, 1987: Observations related
to the rotational dynamics of the 20 May, 1977 tornadic storms. Mon. Wea. Rev.,

115, 2463-2478.

Klemp. J.B., and R. Rotunno. 1983: A study of the tornadic region within a supercell

thunderstorm. J. Atmos. Sci.. 40, 359-377.

Klemp, J.B.. and R.B. Wilhelmson. 1978a: The simulation of three-dimensional convective

storm dynamics. J. Atmos. Sci.. 35. 1070-1096.

Klemp. J.B.. and R.B. Wilhelmson, 1978b: Simulations of right- and left-moving storms

produced through storm splitting. J. Atmos. Sci.. 35, 1097-1110.

Klemp. J.B.. and R.B. Wilhelmson. and P.S. Ray, 1981: Observed and numerically simu-

lated structure of 2 mature supercell thunderstorm. J. Atmos. Sci.. 38. 1558-1580.

Knupp. K.R.. and W.R. Cotton. 1982: An intense. quasi-steady thunderstorm over moun-
tainous terrain. Part II: Doppler radar observations of the storm morphological struc-

ture. .J. Atmos. Sci.. 39, 343-358.

Kulie, M.S.. Y.-L. Lin. R.L. Deal. and D.S. Decriox. 1996: A cloud-scale numerical simula-
tion of the 28 November. 1988 Raleigh tornadic thunderstorm. Preprints. 18th Conf.

on Severe Local Storms, Amer. Meteor. Soc.. 283-287.

LaDue. J.G. 1993: Vortex formation from a helical inflow tornade vortex simulator. The
Tornado: Its Structure, Dynamics. Prediction, and Ha:zards, Geophys. Monogr..
No.79, Amer. Geophys. Union. 307-316.

LaFore. J-P.. and M.W. Moncrieff. 1989: Numerical Investigation of the Organization and
Interaction of the Convective and Stratiform Regions of Tropical Squall Lines. J.

Atmos. Sci.. 46, 521-544.



286

LeMone, M.A., 1983: Momentum flux by a line of cumulonimbus. J. Atmos. Sci., 40,
1815-1834.

LeMone, M.A.. G.M. Barnes and E. Zipser. 1984: Momentum flux by lines of cumulonimbus

over the tropical oceans. J. Atmos. Sci., 41, 1914-1924.

Lee. B.D., and R.B. Wilhelmson. 1997: The numerical simulation of non-supercell tornado-
genesis: Part [: Injtiation and evolution of pre-tornadic misocyclone circulations

along a dry outflow boundary. J. Atmos. Sci.. 54. 32-60.

Lee. B.D.. and R.B. Wilhelmson, 1997: The numerical simulation of non-supercell tornado-
genesis: Part II: Evolution of a family of tornadoes along a weak outflow boundary.

J. Atmos. Sci.. 54, 2387-2415.

Lemon. L.R., 1976: The flanking line. a severe thunderstorm intensification source. .J.

Atmos. Sci.. 33. 686-694.

Lemon. L.R.. and C.A. Doswell III. 1979: Severe thunderstorm evolution and mesocyclone

structure as related to tornadogenesis. Mon. Wea. Rer.. 107. 1184-1197.

Leslie. L.M.. 1971: The development of concentrated vortices: 2 numerical study. .JJ. Fluid

Mech.. 48. 1-21.

Lewellen, W.S.. 1993: Tornado vertex theory. The Ternado: its Structure. Dynamics, Pre-

diction. and Hazards. Geophys. Monogr.. No.79, Amer. Geophys. Union. 19-39.
Lilly, D.K.. 1962: On the numerical simulation of buoyant convection. Tellus. 14. 148-172.

Lilly. D.K.. 1986: The structure. energetics and propagation of rotating convective storms.

Part II: Helicity and storm stabilization. J. Atmos. Sci.. 43. 126-140.



287

Loveland, T.R., J.W. Merchant, D.O. Ohlen, and J.F. Brown, 1991: Development of a land-
cover characteristics database for the conterminous U.S. Photo. Eng. Rem. Sens., 57.

1453-1463.

Lugt, H.J., 1989: Vortex breakdown in atmospheric columnar vortices. Bull. Amer. Meteor.

Soc.. 70, 1526-1537.

Maddox, R. A., 1976: An evaluation of tornado proximity wind and stability data. Won.

Wea. Rev.. 104. 133-142.

Maddox. R.. L.R. Hoxit, and C.F. Chappel, 1980: A study of tornadic thunderstorm inter-

actions with thermal boundaries. Mon. Wea. Rev.., 108. 322-336.

Maher. Y., and R.A. Pielke. 1977: A numerical study of the airflow over irregular terrain.

Beitr. Phys. Atmos.. 50, 98-113.

Mapes. B.E.. 1993: Gregarious tropical convection. .JJ. Atmos. Sci.. 50. 2026-2037.

Maxworthy, T.. 1972: On the structure of concentrated. columnar vortices. Astronaut. Acta.

17. 363-374.

McPherson. R.A.. and K.K. Droegemeier. 1991: Numerical predictability experiments of
the 20 May 1977 Del City. OK supercell storm. Preprints. 9th Conf. on Numerical

Weather Prediction.. Denver. CO. Amer. Meteor. Soc.. 734-738.

Moller. A.R.. and C.A. Doswell ITI. 1988: A proposed advanced storm spotter’s training pro-
gram. Preprints. 15th Conf. on Severe Local Storms. Baltimore. MD. Amer. Meteor.

Soc.. 173-177.

Moller. A.R.. C.A. Doswell III. and R. Przybylinski. 1990: High-precipitation supercells: A
conceptual model and documentation. Preprints, 16th Conf. on Severe Local Storms.

Kananaskis Park. Alberta, Canada. Amer. Meteor. Soc.. 52-57.



288

Moller, A.R., C.A. Doswell III, M.P. Foster, and G.R. Woodall, 1994: The operational
recognition of supercell thunderstorm environments and storm structures. Wea. Fore-

casting, 9, 327-347.

Monji. N., 1985: A laboratory investigation of the structure of multiple vortices. .J. Meteorol.

Soc. Jpn., 63, 703-713.

Mueller. C.K.. and R.E. Carbone. 1987: Dynamics of a thunderstorm outflow. J. Atmos.

Sci., 44, 1879-1898.

Mullen. J.B., and T. Maxworthy, 1977: A laboratory model of dust devil vortices. Dyn.
Atmos. Oceans. 1. 181-214.

Nicholls, M.E.. R.A. Pielke, and W.R. Cotton. 1991: Thermally forced gravity waves in an

atmosphere at rest. J. Atmos. Sci.. 48, 1869-1884.

Nelson. S.P.. 1987: The hybrid multicellular-supercellular storm-an efficient hail producer.
Part II: General characteristics and implications for hail growth. J. Atmos. Sci.. 44.

2060-2073.

Nelson, S.P.. and N.C. Knight, 1987: The hybrid multicellular-supercellular storm-an effi-

cient hail producer. Part I: An archetypal example. J. Atmos. Sci.. 44. 2042-2050.

Pandya. R.E.. and D.R. Durran. 1996: The influence of convectively generated thermal
forcing on the mesoscale circulation around squall lines. J. Atmos. Sci.. 533. 2924-

2951.

Pauly, R.L.. C.R. Church, and J.T. Snow, 1982: Measurements of maximum surface pressure

deficits in modeled atmospheric vortices. J. Atmos. Sci.. 39. 369-377.

Pauly. R.L.. and J.T. Snow, 1983: On the kinematics and dynamics of the 18 July, 1986
Minneapolis tornado. Mon. Weather Rev.. 116, 2731-2736.



289

Pauly, R.L., 1989: Laboratory measurements of axial pressures in two-celled tornado-like

vortices. J. Atmos. Sci.. 46, 3392-3399.

Pielke, R.A., W.R. Cotton, R.L. Walko, C.J. Tremback, W.A. Lyons. L.D. Grasso, M.E.
Nicholls, M.D. Moran. D.A. Wesley, T.J. Lee, and J.H. Copeland, 1992: A com-

prehensive meteorological modeling system-RAMS. Metero. and Atmos. Phys.. 49.

69-91.

Prosser. N.E., 1964: Aerial photographs of a tornado path in Nebraska. May 5. 1964. Mon.
Wea. Rev., 92, 593-598.

Przybylinski., R.W.. 1989: The Raleigh tornado-28 November. 1988: A radar overview.
Preprints. 12th Conf. Weather Forecasting and Analysis. Monterrey, CA. Amer. Me-

teor. Soc., 186-191.

Przybylinski. R.W.. S. Runnels. P. Spoden. and S. Summy, 1990: The Allendale. [linois
tornado-January 7. 1989: One tvpe of an HP supercell. Preprints. 16th Conf. on
Severe Local Storms. Kananaskis Park. Alberta. Canada. Amer. Meteor. Soc.. 516-

521.

Przybylinski. R.W.. J.T. Snow. E.M. Agee. and J.T. Curran. 1993: The use of volumetric
radar data to identify supercells: A case study of June 2. 1990. The Tornado: [ts
Structure. Dynamics, Prediction. and Hazards. Geophys. Monogr.. No.79. Amer.
Geophys. Union. 241-250.

Rasmussen, E.N.. and J.M. Straka. 1996: Variations in supercell morphology. Part I: Hy-

pothesis and observations. Mon. Wea. Rev.. submitted.

Rasmussen. E.N.. and R.B. Wilhelmson. 1983: Relationships between storm characteristics
and 1200 GMT hodographs, low-level shear, and stability. Preprints. 13th Conf. on

Severe Local Storms. Amer. Meteor. Soc.. J5-J8.



290

Rayleigh, Lord (J.W. Strutt), 1880: On the stability, or instability of certain fluid motions.
Proc. London Math Soc., 11, 57-70.

Rayleigh, Lord (J.W. Strutt), 1916: On the dynamics of revolving flows. Proc. Roy. Soc.
London., A93. 148-154.

Richardson, Y.P.. and K.K. Droegemeier, 1996: An investigation of the dynamics governing
organized multicell rotation and transition. Preprints. I18th Conf. on Severe Local

Storms. Amer. Meteor. Soc.. 195-199.

Roberts, R.D.. and J.W. Wilson, 1995: The genesis of three non-supercell tornadoes ob-

served with dual-Doppler radar. Mon. Weather Rev., 123. 3108-3436.

Rotunno. R.. 1977: Numerical simulation of a laboratory vortex. J. Atmos. Sci.. 34. 1942-

1956.

Rotunno. R.. 1978: A note the stability of a cylindrical vortex sheet. .J. Fluid Mech.. 87.

161-771.
Rotunno. R.. 1979: A study in tornado-like vortex dynamics. J. Atmos. Sci.. 36. 140-155.

Rotunno. R.. 1981: On the evolution of thunderstorm rotation. Mon. Weather Rer.. 109.

377-586.

Rotunno. R.. 1984: An investigation of a three-dimensional asymmetric vortex. .J. Atmos.

Sci.. 41. 283-298.

Rotunno. R.. 1986: Tornadoes and tornadogenesis. Mesoscale Meteorology and Forecasting.

Peter S. Ray, ed.. Amer. Meteor. Soc.. 414-433.

Rotunno, R.. and J.B. Klemp, 1982: The influence of the shear-induced pressure gradient

of thunderstorm motion. Mon. Weather Rev.. 110, 136-151.



291

Rotunno, R., and J.B. Klemp, 1985: On the rotation and propagation of simulated supercell

thunderstorms. J. Atmos. Sci., 42, 271-292.

Rotunno, R., J.B. Klemp, and M.L. Weisman, 1988: A Theory for Strong, Long-Lived
Squall Lines. J. Atmos. Sci.. 45. 163-483.

Rothfusz, L.P.. 1986: A mesocyclone and tornado-like vortex generated by the tilting of
horizontal vorticity: Preliminary results of a laboratory simulation. .J. Atmos. Seci.,

43, 2677-2682.

Schmidt. J.M.. and W.R. Cotton. 1990: Interactions between upper and lower tropospheric
gravity waves on squall line structure and maintenance. J. Atmos. Sei., 47. 1205-

1222,

Schmidt. J.M.. 1991: Numerical and observational investigations of long-lived. MCS-induced.
severe surface wind events: the derecho. Ph.D. Dissertation. Colorado State Univer-

sity. 196pp.

Schlesinger. R.E.. 1980: A three-dimensional numerical model of an isolated thunderstorm.
Part II: Dynamics of updraft splitting and mesovortex couplet evolution. .J. Atmos.

Sei.. 37. 393-420.

Simpson. J.. and W.L. Woodley. 1971: Seeding cumulus in Florida: New 1970 results.
Science. 172, 117-126.

Skamarock. W.C.. Weisman. M.L.. and J.B. Klemp. 1994: Three-Dimensional Evolution of

Simulated Long-Lived Squail Lines. J. Atmos. Sct.. 51. 2563-2584.

Smagorinsky. J.. 1963: General circulation experiments with the primitive equations. I. The

basic experiment. Won Wea. Rev.. 91, 99-164.

Smith, R.K., and L.M. Leslie, 1978: Tornadogenesis. Quart. J. R. Met. Soc.. 104, 189-199.



292

Smith, R.K.. and L.M. Leslie, 1979: A numerical study of tornadogenesis in a rotating

thunderstorm. Quart. J. R. Met. Soc., 105, 107-127.

Snow, J.T., 1978: On inertial instability as related to the multiple-vortex phenomenon. J.

Atmos. Sci., 35, 1660-1677.

Snow. J.T.. C.R. Church. and B.J. Barnhart. 1980: An investigation of the surface pressure

fields beneath simulated tornado cyclones. J. Atmos. Sci., 37. 1013-1026.

Snow. J.T., 1982: A review of recent advances in tornado vortex dynamics. Rev. Geophys..

20. 953-964.

Stanford, J.L.. 1987: Tornado: Accounts of Tornadoes in Iowa. second edition. Iowa State

University Press, Ames, lowa. 143pp.

Staley. D.O.. and R.L. Gall. 1979: Barotropic instability in a tornado vortex. .J. Atmos.

Sci.. 36. 973-981.

Stensrud. David J.. and J.M. Fritsch. 1994: Mesoscale convective systems in weakly forced
large-scale environmen:s. Part II: Generation of a mesoscale initial condition. Mon.

Wea. Rer.. 122. 2068-2083.

Stensrud. David J.. and J.M. Fritsch, 1994: Mesoscale convective systems in weakly forced
large-scale environments. Part III: Numerical simulations and implications for oper-

ational forecasting. Mon. Wea. Rev.. 122. 2084-2104.

stumpf. G.J.. and D.W. Burgess. 1993: Observations of low-tropospheric misocyclones
along the leading edge of a bow echo thunderstorm. Preprints. 26th Int. Conf. on

Radar Meteorology. Norman. OK. Amer. Meteor. Soc.. 215-217.

Szoke. E.J.. and R. Rotunno. 1993: A comparison of surface observations and visnal tornado

characteristics for the June 15. 1988, Denver tornado outbreak. The Tornado: Its



293

Structure. Dynamics, Prediction, and Hazards, Geophys. Monogr., No.79. Amer.
Geophys. Union. 353-366.

Tao, W.-K., and J. Simpson, 1984: Cloud interactions and merging: numerical simulations.

J. Atmos. Sci., 41, 2901-2917.

Thorpe, A.J., and M.J. Miller, 1978: Numerical simulations showing the role of the down-

draught in cumulonimbus motion and splitting. Quart. J. R. Met. Soc.. 104, 873-893.

Trapp, R.J.. and B.H. Fiedler. 1995: Tornado-like vortexgenesis in 2 simplified numerical

model. J. Atmos. Sci.. 52. 3757-3778.

Trapp. R.J.. and E.D. Mitchell. 1995: Characteristics of tornadic vortex signatures detected
by WSR-88D radars. Preprints. 27th Conf. on Radar Meteorology. Vail. CO. Amer.

Meteor. Soc.. 211-212,

Trapp. R.J.. and R. Davies-Jones, 1997: Tornadogenesis with and without a dynamic pipe

effect. J. Atmos. Sci.. 34, 113-133.

Tremback. C.J.. and R. Kessler. 1985: A surface temperature and moisture parameteriza-
tion for use in mesoscale numerical models. Proc. 7th Conf. on Numerical Weather

Prediction. Montreal, Quebec. Amer. Meteor. Soc.. 433-434.

Tripoli. G.J.. and W.R. Cotton. 1980: A numerical investigation of several factors leading
to the observed variable intensity of deep convection over South Florida. .J. Appl.

Meteor.. 19, 1037-1063.

Tripoli. G.J.. and W.R. Cotton, 1986: An intense. quasi-steady thunderstorm over moun-
tainous terrain. Part IV: Three-dimensional numerical simulation. J. Atmos. Sci..

43. 894-912.



204

Van Tassel, E.L., 1955: The North Platte Valley tornado outbreak of June 27, 1955. Mon.
Wea. Rev.. 83, 255-264.

Vasiloff, 5.V, 1993: Single-Doppler radar study of a variety of tornado types. The Tornado:
Its Structure, Dynamics, Prediction, and Hazards, Geophys. Monogr.. No.79, Amer.

Geophys. Union. 223-232.

Vasiloff. S.V.. E.A. Brandes. and R.P. Davies-Jones, 1986: An investigation of the transition

from multicell to supercell storms. J. Climate Appl. Meteor.. 25. 1022-1036.

Wakimoto, R.M.. and J.W. Wilson, 1989: Non-supercell tornadoes. Mon. Wea. Ret.. 117.
1113-1140.

Wakimoto. R.M.. and B.E. Martner, 1992: Observations of a Colorado tornado. Part II:
Combined photogrammetric and Doppler radar analysis. Mon. iWea. Rev.. 120. 497-

520.

Wakimoto. R.M.. and N.T. Atkins. 1996: Observations on the origins of rotation: the

Newcastle tornado during VORTEX 94. Mon. Wea. Rev.. 124. 384-407.

Wakimoto. R.M.. C. Liu. and H. Cai. 1997: The Garden City, Kansas storm during VOR-
TEX 95. Part I: Overview of the storm’s life cycle and mesocyclogenesis. Mon. Wea.

Rev.. (submitted).

Wakimoto. R.M.. and C. Liu. 1997: The Garden City, Kansas storm during VORTEX 95.
Part II: The wall cloud and tornado. Mon. Wea. Rev.. (submitted).

Walko. R.. 1988: Plausibility of substantial dry adiabatic subsidence in a tornado core. .J.

Atmos. Sci.. 41. 3456-3471.



295

Walko, R., 1993: Tornado spin-up beneath a convective cell: required basic structure of the
near-field boundary layer winds. The Tornado: Its Structure, Dynamics. Predicticn,

and Hazards, Geophys. Monogr., No.79, Amer. Geophys. Union, 89-95.

Walko, R.. W.R. Cotton, M.P. Meyers, and J.Y. Harrington 1995: New RAMS cloud mi-
crophysics parameterization. Part I: The single moment scheme. Atmos. Res.. 43.

29-62.

Walko, R.. and R. Gall, 1984: A two-dimensional linear stability analysis of the multiple

vortex phenomenon. J. Atmos. Sci., 41. 3456-3471.

Walko. R... and R. Gall. 1986: Some effects of momentum diffusion an axisymmetric vortices.

J. Atmos. Sct.. 41. 3456-3471.

Ward. N.B.. 1972: The exploration of certain features of tornado dynamics using a labora-

tory model. J. Atmos. Sci.. 29. 1194-1204.

Weaver, J.F.. and S.P. Nelson. 1982: Multi-scale aspects of thunderstorm gust fronts and

their effects on subsequent storm development. Won. Wea. Rev.. 110. 707-718.

Weisman. M.L.. 1992: The Role of Convectively Generated Rear-Inflow Jets in the Evolution

of Long-Lived Mesoconvective Systems. .J. Atmos. Sci.. 49. 1526-1847.

Weisman, M.L.. 1993: The genesis of severe. long-lived bow echoes. .J. Atmos. Seci.. 50.

645-670.

Weisman. M.L.. and H.W. Bluestein. 1985: Dynamics of numerically simulated LP storms.
Preprints. 14th Conf. on Severe Local Storms. Indianapolis. Amer. Meteor. Soc..
267-270.

Weisman, M.L.. and J.B. Klemp. 1982: The dependence of numerically simulated convective

storms on vertical wind shear and buovancy. Mon. Wea. Rev.. 110. 504-520.



296

Weisman, M.L., and J.B. Klemp, 1984: The structure and classification of numerically
simulated convective storms in directionally varying wind shears. Mon. Wea. Rev..

112, 2479- 2498.

Weisman. M.L.. J.B. Klemp, and R. Rotunno, 1988: Structure and Evolution of Numerically

Simulated Squall Lines. .J. Atmos. Sci., 45. 1990-2013.

Westcott. N., 1984: A histourical perspective on cloud mergers. Bull. Amer. Mecteor. Soc..

65. 219-226.

Wetzel. P.J. and J.T. Chang, 1988: Evapostranspiration from nonuniform surfaces: A first

approach for short-term weather prediction. Mon. Wea. Rer.. 116, 600-621.

Wicker. L.J.. and R.B. Wilhelmson. 1993: Numerical simulation of tornadogenesis within
a supercell thunderstorm. The Tornado: Its Structure. Dynamics. Prediction. and

Hazards. Geophys. Monogr.. No.79. Amer. Geophys. Union. 75-88S.

Wicker. L.J.. and R.B. Wilhelmson. 1995: Simulation and analysis of tornado development
and decay within a three-dimensional supercell thunderstorm. .J. Atmos. Sci.. 52.

2675-2703.

Wilczak. J.M.. T.W. Christian. D.E. Wolfe. R.J. Zomora. and B. Stankov. 1992: Obser-
vations of a Colorado tornado. Part I: Mesoscale environment and tornadogenesis.

Mon. Wea. Rev.. 120. 497-520.

Wilhelmson. R.B.. and J.B. Klemp. 1978: A numerical study of storm splitting that leads

to long-lived storms. J. Atmos. Sci.. 35. 1974-1936.

Wilhelmson. R.B.. and J.B. Klemp. 1981: A three-dimensional numerical simulation of

splitting severe storms on 3 April. 1964. J. Atmos. Sci.. 38. 1581-1600.



297

Wilson, J.W., 1986: Tornadogenesis by non-precipitation induced wind shear lines. Mon.

Wea. Rev., 114, 270-284.



IMAGE EVALUATION
TEST TARGET (QA—23)

4

125

16

150mm






