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Introduction

In April 1970 a conference on tornadoes and protective
design was held at the University of Wisconsin; in the
next month Lubbock, Tex., was struck by a devastating
tornado. During 22-24 June 1976, Lubbock itself was
the host to a symposium on tornadoes and their implications to man. The meeting on the sprawling Texas
Tech campus brought together over 150 professionals
representing meteorology, engineering, mathematics,
physics, and public health. Research and educational
institutions, practicing engineers and meteorologists,
the nuclear industry, the insurance field, and federal
agencies all contributed to the roll of invited speakers,
panelists, and participants. The symposium was cosponsored by the U.S. Nuclear Regulatory Commission,
the National Science Foundation, the Wind Engineering
Research Council, the American Meteorological Society, the American Society of Civil Engineers, and the
Institute for Disaster Research of Texas Tech University. The objectives were to summarize existing knowledge regarding tornadoes, to discuss application of tornado knowledge to societal problems, to delineate
research in tornado technology, and to promote dissemination of information among severe storm meteorologists, architect-engineers, and planners.
Individual sessions were devoted to 1) tornado wind
speeds, 2) tornado vortex models, 3) tornado prediction,
detection, and assessment of risk, 4) tornado-structure
interactions, 5) tornado-generated missiles and their
effects, and 6) applications of tornado technology. A
final session included a perspective overview and summarizations by the session chairmen. Each session featured an in-depth survey paper by the session chairman.
Two or more shorter discussions of related topics followed. The speakers were joined by additional experts
in a panel forum, during which time questions from the
floor were fielded. Registrants were provided with a
collection of preprints. The schedule of speakers has
been given in the B U L L E T I N ( 5 7 , 351); however, abstracts
were not published. The remainder of this report summarizes the main points of discussion in the preprints.
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a. Session 1
In the opening paper, Session Chairman J. H. Golden
(Environmental Research Laboratories, NOAA) gave
a detailed resume of tornado wind speed estimates
that have followed from photogrammetric analysis. He
speculated that maximum winds in the lowest 10-20 m
probably do not exceed 110 m/s (including all components and gusts). He supported this view with results
drawn from other methods of wind speed estimation, in
particular, engineering analyses of damage. Several
other research tools that may lead to independent estimates were described, namely, Doppler lidar, instrumented aircraft for waterspout penetration, and Doppler radar.
The University of Chicago group led by T. T. Fujita
provided additional insight into the use of the photogrammetric method, from conceptual models of tornado
circulations to case analyses. A hierarchy of rotating
systems was amply illustrated, including thunderstorms,
tornado cyclones, and tornadoes with suction vortices.
T. Umenhofer presented some initial results for a tornado at Sadorus, 111., and G. S. Forbes detailed his analysis of the Parker tornado. Wind speed components were

Dr. T . Theodore Fujita of the University of Chicago (left)
presented findings of a detailed study of three levels of
tornado motion to a tornado symposium at Texas Tech
University. T h e levels of motion are tornado cyclones, tornadoes, and suction vortices. Shown with Fujita are John
Shanahan (center) of Stone & Webster Engineering Corp.,
Boston, and Dr. Kishor Mehta (right) of the Texas Tech
Institute for Disaster Research.
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determined within the tornado, for a suction vortex,
and for the associated ground-based dust cloud. Interactions were especially noted; for example, the suction
vortex revolution differed substantially from the tornado tangential velocity.
The engineering analysis of tornado damage was surveyed by K. C. Mehta (Civil Engineering, Texas Tech
University). After illustrating the expected failure
modes, the basic wind speed calculations were explained.
An awareness of the necessary assumptions and presentday uncertainties prompted the classification of available wind speed estimates according to a three-level
scale of credence.
b. Session 2
The broad area of theoretical vortex modeling was
systematically reviewed by Session Chairman W. S.
Lewellen (Aeronautical Research Associates of Princeton). The key flow regions within the overall tornado
structure provided the basis for discussing individual
research studies. Finally, the interacting regions were
synthesized to describe the composite flow field.
Lewellen concluded that the maximum velocities
occur below the top of the ground boundary layer
(^100 m). Although these winds may be significantly
higher than dictated by cyclostrophic balance, no existing model is adequate to estimate a maximum speed.
The often debated sources of energy and rotation for
tornadoes were discussed by D. K. Lilly (NCAR). A consideration of the terms in the angular momentum equation followed by a calculation based on a simple updraft
distribution led Lilly to assert that the tornado can be
plausibly developed from the angular momentum of
the earth within a realistically small time period (about
an hour). The collapse of thunderstorm tops during
tornado formation was attributed to net hydrostatic
balance requirements in a rotating cloud. Lilly concluded, however, that it is not yet possible to predict
upper bounds on vortex intensity from environmental
conditions and theoretical analysis; complications of
the internal flow, perhaps resulting from vortex breakdown, are still too uncertain.
R. P. Davies-Jones (National Severe Storms Laboratory, NOAA) received the attempts to simulate
tornado circulations in the laboratory. In addition to
describing numerous experiments, he attempted to
assess the relevance of the results to actual tornadoes.
On this basis, Ward's simulator was lauded as an example of how physical insight may result from laboratory modeling, for example, with respect to multiple
vortex transitions and vortex breakdown phenomena.
c. Session 3
Session Chairman R. F. Abbey, Jr. (Office of Research,
U.S. Nuclear Regulatory Commission), illustrated the
difficulties in specifying tornado incidence, estimating
tornado damage area, and determining tornado risk.
Methods of estimating tornado path length, width, and
size were evaluated, along with a discussion of the Fscale rating. He updated available tornado statistics and
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compared various tornado risk models and their sensitivity to input parameters. Abbey concluded with a
discussion of various means of estimating tornado risk
based on occurrence, gradations of damage along the
path, deaths, and dollar damage.
After a brief historical summary of tornado forecasting, A. D. Pearson (National Severe Storms Forecast
Center, NOAA) pointed to potential insight provided
by the Williams and David objective analysis method of
antecedent weather conditions. He also raised the hope
that objective prediction schemes may assume a greater
role in severe weather forecasting. Nevertheless, to date
the decision of the mesoscale forecaster is still paramount.
The summary by G> L. Darkow (Atmospheric Science,
University of Missouri) of tornado detection focused
on present operational techniques. The primary role
played by radar was emphasized; conventional indications of severe activity were illustrated. Other aspects
including intensity contouring, local-warning radars,
digitizing, and processing were mentioned. (Discussion
of Doppler radar was largely left to R. A. Brown of
NSSL). The great promise for satellite detection of tornado-bearing clouds and the long search for sferics detection of tornadoes were also discussed.
d. Session 4
J. A. Shanahan (Stone & Webster Engineering Corp.),
as Session Chairman, keynoted the session on the interaction of tornadoes with structures. Tornado reports
from 1871 through 1974 were studied seeking evidence
of extreme damage and unusual missiles. A combined
Rankine vortex satisfying the continuity equation and
hydrostatic, cyclostrophic restraints was used to produce
hypothetical wind fields to determine interaction with
structures near the ground.
Modern techniques for determination of wind loading
were reviewed by J. E. Cermak (Fluid Mechanics and
Wind Engineering, Colorado State University), with the
emphasis placed on measurement of wind pressures on
small-scale model structures. Although a clarification of
the factors affecting wind loads on isolated structures in
two-dimensional turbulent boundary layers is emerging,
effects of tornadic wind flows are still not fully understood. It was recommended that a conservative estimate of wind loading in such flows will result from
using force and moment coefficients of the structures
for the two-dimensional turbulent flow with the maximum probable wind speed.
W. S. Gregory (Los Alamos Scientific Laboratory)
used computer-generated films to illustrate the effects
of depressurization on simple vented structural systems.
The primary concern of these studies is the performance
of high-efficiency particulate air filters used to trap
radioactive dust that could be released in depressurization during a tornado.
e. Session 5
Various aspects of the tornado missile problem were
examined by Session Chairman, J. R. McDonald (Civil
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Engineering, Texas Tech University). Basic concerns
are the nature and potential speed of missiles. McDonald noted that research heretofore has concentrated on
hypothetical missiles, which may in fact not be lifted
by tornadic winds. Even for credible missiles, many
problems remain: the injection mechanisms, aerodynamic characteristics, tumbling effects, and the formulation of the wind fields.
The calculation of tornado missile trajectories was
outlined in a paper (read by L. Bell) by J. F. Costello
(Office of Standards Development, U.S. Nuclear Regulatory Commission). Using the particle (as opposed to
the aerodynamic) model, the sensitivities of calculations
to initial conditions, wind field models, and aerodynamic coefficients were discussed.
J. V. Rotz (Bechtel Power Corp.) surveyed the effects
of tornado-generated missiles on structures. The effects
in the immediate vicinity of impact include missile deformation, penetration, perforation, and secondary missile generation. Overall structural effects may be felt
also. For the most part, the simplified, analytical techniques presented suffice to predict ability of structures
and structural elements to withstand missile impacts.
Dynamic and nonlinear effects may be detailed with
available computer programs; however, the lack of
sufficient information on dynamic properties of common
materials at high strain rates and confinement pressures
(along with computational cost) precludes their use.
/. Session 6
Session Chairman J. E. Minor (Civil Engineering, Texas
Tech University) pointed to many areas of society
where the newly emerging understanding of tornadoes
and the mitigation of their effects may be implemented. An outline of the technological data base
was followed by a discussion of barriers to its effective
use. Popular and persistent misconceptions regarding
tornadoes and their effects loom as the greatest hindrance. Improvements in technology implementation
along with greater interdisciplinary exchange were recommended by Minor as part of a broad-based approach
to convince both professionals and laymen that tornadoes can be planned for and lived with.
The particular application of tornado technology to
the nuclear industry was summarized by J. D. Stevenson
(Engineering Decision Analysis Co.). Nuclear plant facilities, and in particular nuclear power plants, are the
only class of commercial facilities to be routinely de-
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signed to withstand tornado effects. (Outside the United
States and Canada, tornadoes are not even explicitly
considered.) Interestingly, it was noted that there are
a large number of sites where any significant reduction
in tornado design requirements might simply mean
small aircraft crash or other hazards could begin to
control structural design of nuclear power plants.
J. J. Abernethy (Architecture, Lawrence Institute
of Technology) developed a conceptual approach to
protection of people and essential facilities that concentrated on initial design decisions. After identifying
those structural elements that are of greatest importance
for life-safety, design techniques were analyzed with
regard to their mitigation of hazards. (Their effects on
energy use were also taken into account due to contemporary concerns.)
The uses of tornado technology in an insurance
operation were discussed by D. G. Friedman (Travelers
Insurance Co.). Present insured losses are not reported
in a manner that allows easy estimates of the tornadic
effects. Improved estimates of risks await the development of more detailed severe storm climatologies and
additional knowledge regarding building vulnerability.
g. Session 7
In the closing session, recent developments in tornado
research were placed in an optimistic perspective by E.
Kessler (NSSL). Increased public awareness and concern
for tornadoes have been accompanied by more effective
means for their study. As a result of the studies now
being pursued, fundamental discoveries concerning the
origin, flow characteristics, and evolution of tornadoes
may be confidently anticipated. Better prediction, detection, and assessment of risk combined with improvements in tornado resistant design are on the horizon.
Session chairmen also gave summary statements.
3. C o n c l u s i o n
The symposium featured penetrating surveys (along
with outstanding visual aids) of our current understanding of tornadoes and their effects. Vigorous discussions
ensued and many other participants spoke. A proceedings volume will be published that will include the
preprints as well as highlights of these discussions. This
500-page volume should be available in late 1976 from
the Institute for Disaster Research, Texas Tech University, Box 4089, Lubbock, Tex. 79409.
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