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Abstract

This paper builds upon the findings of the previous authors
(in this special session) and draws them together in an
overall picture that highlights our concerns and focuses
upon the critical problems. It offers a set of recommended
actions for the near term and points to promising directions for the future. The most important immediate steps
include: 1) accelerated research and development and early
deployment of Doppler radars for tornado detection; 2) consolidating the advances in the flood-warning system and
bringing them to fruition; 3) studies of the public needs for
and response to warnings and the design of a comprehensive warning communication system; 4) a public education
and preparedness program; 5) improved construction designs
and building codes; 6) a denser network of upper-air sounding stations; and 7) automation of the complete system to
minimize delays.
Longer-term needs must include research on 1) mesoscale
numerical modeling and prediction along with improved
empirical forecast methods; 2) direct and remote probing
methods to provide observational data of the required
density for the numerical models; 3) an airborne detection
and warning system capable of being deployed to regions of
potential severe storms; and 4) interactions between stormscale and larger-scale processes. Project SESAME (Severe Environmental Storm and Mesoscale Experiment) appears to
provide an excellent framework for attacking these problems in a comprehensive and well-integrated manner.
1. Introduction

In this series of talks, some of the nation's experts have
told us where we stand in our understanding of severe
local storms and in our capabilities to predict, detect,
and warn of their occurrence. It is my purpose to draw
these findings together into some reasonable overall
picture that highlights our concerns, focuses upon the
1 These papers are published in the order in which they
were presented to the House Subcommittee, except for the
one by David Atlas, which has been placed first because it
gives an overall summary of the session.
The National Center for Atmospheric Research is sponsored by the National Science Foundation.
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critical problems, offers some solutions for the near term,
and points to promising directions for the future.
2. W h y the need?

You might well ask: if there are only an average of
some 100 deaths and 2000 injuries annually due to tornadoes and a total average annual loss to property of
about $50 000 000, while automobiles kill more than
50 000 people each year, why should we attempt to do
anything to improve our capability to predict, detect,
and warn of tornadoes?
Looked at in the light of such impersonal statistics,
your answer might well be: forget it, it's not worth the
effort and money. However, aside from putting a cold
dollar value on human life, such a simplistic view fails
to recognize the occasional catastrophic nature of tornado outbreaks, such as those illustrated by Prof. Fujita
in the case of the storms of 3-4 April 1974 in which 328
people were killed, more than 6000 were injured, more
than 30 000 dwellings and businesses were destroyed or
suffered major damage, and some 28 000 families suffered
loss. While the events of 3-4 April were unprecedented
in the areal extent, tornadic catastrophies of somewhat
less proportion may be expected about once every
decade. In 1925, for example, the Tri-State Tornado
killed nearly 700 persons in only three states, and the
Palm Sunday storms in 1967 killed 266 people in six
states. Indeed, it was fortuitous that the 3-4 April storms
generally avoided major population centers. It was also a
stroke of luck that the tornado struck Xenia after schools
had let out; otherwise, hundreds of children would have
been killed and injured because Xenia had no in-school
tornado plans.
Beyond the direct losses lies the untold suffering of
families who have lost loved ones and have had their
homes and business destroyed, while entire communities
were disrupted for many months. And who can meaVol 51, No. 4, April 1976
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sure the mental anguish of those directly affected, or the
fear struck in those who merely receive the tornado
"watch" signals and warnings, which are now too widely
disseminated because of our inability to pinpoint the
danger?
Only a nuclear holocaust might be expected to produce a disaster of equal or greater magnitude. I will not
debate the value of the vast expenditures made in the
defense against nuclear war, but we might well wonder
about our sense of national proportion when we consider
the pittance allocated to the mitigation of natural
disasters.
While I could go on in this vein, I believe the point
has been made. So let me proceed to what can be
done about it.
3. Some immediate steps

Clearly we need to set some priorities, and the top priority must go to those initiatives that promise early
benefits.
a. Doppier radars
Virtually all the speakers have either alluded to or
explicitly noted the need for improved observations:
as Barnes noted, for purposes of increased understanding; as Anthes indicated, as data sources for computer
models; and as Pearson commented, to fill in the vast
gaps in the present network, which preclude him and his
staff from making even the crudest short-range forecasts
for lack of knowledge of what is now going on.
Among all the observation needs, however, I am sure
we are in unanimous accord with Prof. Battan who
emphasized the need for and potential of remote sensing
techniques, especially of Doppler radar, for the unambiguous detection and pinpointing of tornadoes. Here is
a tool whose time has come. With the exception of a
modest amount of applied research to determine its
possible limitations, such as false alarm and miss-rates, I
believe it is ready for deployment.
In addition to its use as a tornado detector, Doppler
radar has a wide range of other applications, among
which I need only mention the measurement of hurricane winds and the detection of storm-induced wind
shear, such as the wind shear that was responsible for
the recent aircraft crashes at Kennedy and Stapleton
Airports.
In view of the great need and demonstrated capability
of Doppler radar for tornado detection, I consider it
tragic that the National Weather Service (NWS) does
not have the resources to procure such radars.
We may place greater priority on a reliable detection
system at this time than upon an improved warning system because warnings that "cry wolf''' too frequently
will simply be ignored.
b. Flood warnings
While this session has not been concerned explicitly
with flood hazards, this problem should not be ignored.
Great improvements have been made by NWS in this
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area through telemetering river level gages, and further
advances may be expected through the use of quantitative radar measurements of rainfall. My concern is that
progress in this area has been much slower than it
might be if the research and development activity were
given the priority and support it so clearly deserves.
c. Warning system
Next in line must be the warning system. In times of imminent widespread danger to the public, we simply
can not rely upon the present mix of the NOAA
Weather Wire Service, ad hoc telephone calls, TV and
radio stations (which may or may not be on the air
and may not act if they are), and the local police, fire,
and civil defense agencies. The new NOAA weather
radio stations will help greatly, but at the risk of offending my colleagues in NOAA, I doubt seriously if
this alone will make a small dent in the problem.
The technological solutions are at hand, and they
need not be excessively costly, but before we start running with still another technological fix, I would echo
Battan's proposal that we first get the psychologists and
communicators to tell us about how people can best be
made to respond effectively.
d. Public preparedness
Effective public response obviously means that the public be prepared in advance. At present, public awareness and community emergency action plans are
pretty spotty at best. A crucial problem is to maintain
awareness in areas that are hit only rarely.
e. Construction codes
Along with preparedness must go longer-term efforts in
the design and construction of homes and buildings that
are more resistant to winds and in the provision of reinforced inner hallways in public schools and buildings,
where people may be protected from flying and falling
debris. Recent work has shown that such measures can
be extremely effective. Local construction codes must
then be written accordingly. Regulations for the tiedown of mobile homes must also be established.
Fujita has alluded to the efforts in connection with
the protection of nuclear power plants from tornado
damage. The potential for great public harm from such
damage makes it necessary that these plants be built to
withstand tornadic winds and that they have their own
tornado detection and warning systems to initiate the
required shut-down procedures.
/. Gap-filling meteorological observations
As both Pearson and Anthes have indicated, both the
present forecast techniques and the mesometeorological
computer products of the future depend critically upon
upper-air observations by rawinsondes. The present spacing of the radiosonde net of about 250 mi is simply inadequate to resolve the smaller-scale atmospheric features that trigger and control severe storms. Gap-filling
stations are a must, especially in the Midwest. New
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economical rawinsonde systems are now available. Moreover, they need not be operated until the situation requires. And since these new systems are simple and
unsophisticated, it would even be possible to have them
operated by local fire department personnel or high
school teachers and students on an as-needed basis.
g. AFOS system
Clearly the pressure of operation under emergency conditions requires that the forecaster have the critical data
at his fingertips without time-consuming manual processing. The new AFOS system for Automation of Field Operations and Services, which should be on-line in the
next few years, is a most important step in this direction.
While there may be a number of other action items
that have the potential of short-term payoffs, I believe
these are the most vital, and I expect that most of us
would agree with my general ordering of priorities.
4. Longer-term needs

But there is also a host of other needs of a longer-term
nature that must not be forgotten. Most of these relate
to improvements in observations and prediction in the
3-12 h time frame so that
1) the present tornado watch boxes can be narrowed
in both area and time;
2) the shorter-term detection and warning systems can
be brought into operation;
3) the public agencies can be alerted for action;
4) excessive numbers of people are not unnecessarily
warned, while those who are so alerted place greater
credibility in the warnings and respond appropriately.
In the category of longer-term needs, it is likely that
we shall not reach the same consensus of priorities as
we seem to have for the shorter haul. But here are my
candidates.
a. Project SESAME
Because I specifically asked the speakers to restrain themselves from special pleading and the hard-sell, only Drs.
Barnes and Anthes alluded to Project SESAME (Severe
Environmental Storm and Mesoscale Experiment). However, I need not be as restrained as the other speakers. Although I may have a small axe to grind on this score,
I believe there is widespread agreement in the meteorological community that our ability to predict severe
storms in the 3-24 h range depends critically on first
conducting a major experiment such as SESAME.
In my view, SESAME is the only way in which we
shall ever be able to obtain the necessary fine-scale observations to get a handle on the mesoscale phenomena
that initiate and maintain severe storms, to obtain the
data that are needed as inputs to the mesoscale computer production models, or to understand the links and
interactions between large- and small-scale processes,
which are vital to prediction of events upon all scales.
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I emphasize these points because I fear that SESAME
may be vulnerable in the present budget climate.
b. Mesoscale numerical modeling
Anthes has already demonstrated the increased forecast skill obtained from a mere doubling of the spatial
resolution of the existing NWS operational numerical
prediction model. While we can not promise increasing
skill in direct proportion to resolution, we are confident
that marked improvements are likely to result from both
higher resolution and advanced mesoscale models. On
the other hand, it is absurd to think that we shall be
able to predict the smaller-scale phenomena, such as
severe storms and all the others that affect our daily
activities, without such models and the observations
upon which they depend.
Some of these models are already available; others are
in the research pipeline. Their development needs to be
encouraged not only for purposes of severe local storm
prediction but also for a host of other purposes, among
which I would emphasize the prediction of air pollution episodes and the establishment of pollution control strategies.
c. Empirical and mixed prediction methods
Even if the mesoscale models should prove successful,
the likelihood of having the necessary fine-scale observations in the reasonable future is doubtful. Thus we can
not afford to put all our eggs in one basket and must
continue our efforts to improve empirical forecast methods and combined statistical-theoretical schemes that can
utilize presently available observations and the largerscale models.
d. Observations and measurements
Because of our confidence in the ultimate utility of
mesoscale models, but because of the economic constraints upon implementing a sufficiently dense network
of observing stations to provide the required model inputs, we must exploit recent advances in remote sensing
that will permit us to make the measurements with high
spatial and temporal resolution but at acceptable costs.
The phenomenal advances that have been made in
remote sensing of clouds and temperature from satellites
over the last 15 years indicate one of the most promising
directions to take.
However, I would hope that our fascination with satellites would not stifle our imagination and close off other
options. For example, the fleet of commercial aircraft,
which crisscross the nation, would provide a great opportunity for getting high-resolution data both directly
at flight level and indirectly from remote sensors. Dropsondes dispensed from these aircraft on demand might
also fill the present gaps in our rawinsonde network.
In addition, we now have a wide array of groundbased remote sensors for these purposes. I would only
mention the recent achievements of the NOAA Aeronomy Laboratory in measuring winds in clear air throughout the troposphere with a low-cost low-frequency (40
MHz) Doppler radar.
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At the same time, we need to encourage the ingenuity of our industry to develop cheaper direct sensors that
can be deployed in large numbers.
e. Toiuard the ultimate detection and warning system
Because of the small size of the severe storm and its
potential for occurring anywhere within the eastern twothirds of the nation, the ultimate operational detection
and warning system may have to be deployable by aircraft in order to insure coverage at economically feasible
levels. We therefore have to give serious thought to a
meteorological version of the Air Force AWACS program (Airborne Warning and Control System). Indeed,
the existing AWACS systems probably already have
radars of sufficient capability to do the tornado detection
job.
/. Scale interactions
Because of the known feedback effects between the smallscale convective processes and the larger-scale phenomena
(indeed, these effects are now believed to drive the general circulation), we can not ignore the role of severe
storms in global weather and climate.
g. Severe storm modification
As a final item, out of context from the others in terms
of priority, I must mention the artificial modification of
severe storms. The subject is much too complex to cover
here, but there are signs of hope that storm hazards such

as hail and lightning may be susceptible to artificial mitigation. On the other hand, we must proceed with utmost
care in this direction because of the potential for doing
even greater harm under some circumstances. At the
present time, no respectable scientist even dreams of
modifying tornadoes.
5. Concluding remarks

I hope that this overview provides you with new insights into our present capabilities in the area of severe
storms, the ways in which we can almost surely improve
these capabilities in the near term, and the promising
directions for the future.
Like other scientists, we enjoy science for its own sake,
but we also recognize our profound responsibility to the
public in warning and protecting them from natural
catastrophes such as the tornado. Indeed, many of us
here are now on the firing line in providing such services. We are also acutely aware of the limited public
pocketbook and of your need to make informed and
balanced judgments for the public good. It is for these
reasons that we have attempted to be realistic in focusing
on the needs and assessing the promises, and have tried
to avoid flights of scientific fancy.
We deeply appreciate the opportunity provided by
the members and staff of the House Subcommittee on
Environment and the Atmosphere to speak to you
today. We hope that it has been interesting and useful
to you and that we can serve you in similar ways in
the future.

Graphic Examples of Tornadoes

T. Theodore Fujita
The University of Chicago, Chicago III. 60637
Abstract

In an attempt to assess the tornado risk and depict the characteristics of tornadoes, the author put together 20 pictures
and diagrams.i The figures and photographs were abstracted
from the author's recent studies on the super-outbreak tornadoes of 3-4 April 1974; 148 tornadoes occurred in 16 h
resulting in a record tornado outbreak within such a very
short time.
1. Super-outbreak of tornadoes, 3 - 4 April 1974

This super-outbreak of 148 tornadoes in 16 h and 10 min
was the largest number on record (Fig. 1). T h e total
i Most of the figures were originally in color but had to
be converted into black and white prints for reproduction
here. Therefore, the quality of some of the figures is inferior
to that of the original color prints.

length of the paths was 2598 mi. More than 50 000 persons experienced the twisters' fury, which they will never
forget, and many people were "scared to death." Statistics of fatal injuries are: 74% occurred in houses and
buildings, 17% in mobile homes, 6% in automobiles,
and 3% enroute to shelters. The tornado outbreak began at 1:10 p.m. on 3 April and ended at 5:20 a.m. C D T
on 4 April. During the height of the tornadoes, 15
twisters were on the ground simultaneously (Fig. 2). T h e
Xenia (No. 37), Depauw (No. 40), Sayler Park (No. 43),
Brandenburg (No. 47), First Tanner (No. 96), and Guin
(No. 101) tornadoes were the six strongest. Cities hit
twice by tornadoes were Etowah, Tenn. (3:00 and 5:30
p.m.), Cleveland, Tenn. (3:05 and 5:05 p.m.), Tanner,
Ala. (7:00 and 7:30 p.m.), Harvest, Ala. (7:15 and 7:45
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FIG. 1. Paths of 148 tornadoes that occurred in a 16 h period on 3-4 April 1974. More than
people were killed and 5 4 8 4 injured. A copy of the 1 7 " X 2 3 " color map is available from
the author.
300
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FIG. 4. Photograph taken at 4:30 p.m. Two small funnels
descended from the cloud, and one of them touched the
ground. (Courtesy of Mr. Ross.)

FIG. 5. Photograph taken at 4:35 p.m. In a few minutes,
more funnels appeared, twisting around each other. (Courtesy
of Mr. Hess.)

FIG. 6. Photograph taken at 4:39 p.m. The funnels disappeared completely, leaving a huge swirl of dust rising from
the ground. (Courtesy of Mr. Hess.)

FIG. 7. Photograph taken at 4:40 p.m. Several mini-swirls
called "suction vortices" were seen inside the dust cloud as it
entered the city. (Courtesy of Mr. Hess.)
Unauthenticated | Downloaded 01/09/23 10:46 PM UTC

Bulletin American Meteorological Society 8

FIG. 8. Tornado swirled through the western part of Xenia. Fortunately, West Junior High
School and Arrowood Elementary School were outside the F4 and F5 areas.

FIG. 9. A violent tornado destroyed the Arrowhead subdivision of Xenia in 30 s. During this
short time, the traveling speed of the tornado varied between 16 and 61 mph.
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p.m.), Huntsville, Ala. (10:55 and 11:05 p.m.), and
Livingston, Tenn. (7:30 and 11:30 p.m.).
In order to monitor the tornadic storms in the 13 midwestern states, ATS satellite pictures were taken at
13 min intervals for the entire daylight period. Figure 3
shows three giant squall lines. T h e northern line extended from St. Louis, Mo., to Lake Michigan, and the
central squall line, the most violent one at this time, covered an extensive area from central Tennessee to southern Michigan. T h e southern line continued to develop
through the early evening, spawning more than 50 tornadoes, which killed over 100 persons.
2. Xenia Tornado, 4:30-5:15 p.m., 3 April 1974

FIG. 10. Twin suction vortices seen in the three frames enlarged from Boyd's movie. One of the vortices was moving
right to left (west to east) at about 200 mph. The dust
column, 30-40 ft across, was spinning very fast, up to probably 100 mph. (Courtesy of Mr. Bruce Boyd.)

T h e Xenia Tornado was one of the most destructive
tornadoes of the 3 April super-outbreak. T h e tornado
killed 34 persons and injured 1150 others. T h e storm
started as two small funnel clouds twisting around each
other (Fig. 4). As the storm intensified while approaching the western suburb of Xenia, the funnel took
the shape of a corkscrew, hanging icicles, a column of
swirling dust, etc. (Figs. 5 and 6).
There was no organized funnel cloud when the storm
hit the west suburb, where 11 persons lost their lives.
When the destruction was going on, there were small
vortices called suction vortices spinning around over
the area. (See Figs. 7-10.)

FIG. 11. Death of the Sayler Park Tornado and the birth of the Mason Tornado.
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FIG. 12. The rope-shaped funnel of the Sayler Park Tornado shortly before it was cut into
pieces. The rope on the ground was outside of the parent cloud when it disintegrated. (Courtesy
of Mr. Carter.)

3. Sayler Park Tornado, 5:30-5:55 p.m., 3 April 1974

This tornado crossed the Ohio River into Sayler Park,
Ohio. After traveling 6 mi toward the northeast, the
funnel turned into a small, rope-shaped cloud that was
finally cut into pieces and disappeared (Figs. 11 and 12).
While crossing the Ohio River, the cone-shaped funnel

became very fat temporarily, owing mainly to the involvement of the moist air over the river (Fig. 13).
4. Paths of historical tornadoes

In order to assess the tornado risk of the United States,
paths of significant tornadoes (F2 or stronger) were
mapped for each decade since 1930 (Figs. 14-18).

FIG. 13. Change in the tornado funnel as it crossed over the Ohio River. The funnel turned
into a fat, cylindrical shape when the moist air over the river was drawn into the tornado.
(Courtesy of Mr. MacGregor.)
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Paths of 1 9 7 0 - 7 4 tornadoes. The number
in each state denotes the tornado deaths.

FIG. 14.

Paths of 1 9 6 0 - 6 9 tornadoes. The number
in each state denotes the tornado deaths.

FIG. 15.
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Paths of 1 9 5 0 - 5 9 tornadoes. The number
in each state denotes the tornado deaths.

FIG. 16.

Paths of 1 9 4 0 - 4 9 tornadoes. The number
in each state denotes the tornado deaths.

FIG. 17.
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Tornado deaths for each state were also mapped along
with the path.
The results indicated unusual activities to the east of
the Mississippi during the 1970s, in the northern Midwest in the 1960s, in the western Midwest in the 1940s
and 1950s, and in the southern states in the 1930s.
Finally, the paths of 19 189 tornadoes during the 19301974 period were mapped (Fig. 19). The original map in
color differentiates tornadoes in three intensities: weak,
strong, and violent.
It has been estimated that 1000-1500 tornadoes have
been occurring annually on the earth (Fig. 20). Of these,
750-1000 tornadoes are spawned from thunderstorms in
the United States, resulting in 75% of the tornado
deaths in the entire world. In Argentina, only a few
damaging tornadoes are reported each year even though
there is a topographic similarity with the United States

in terms of a large plain and the mountains to the west.
The heartland of China with the western dry areas and
a high plateau has been practically free from violent
tornadoes. Why do our thunderstorms develop into tornado-producing storms that are uncommon in other
countries? Ironically, our tornado belt coincides with the
best agricultural land on the earth, and these tornadoes
occur primarily in the spring, as our growing season
begins.
5. Conclusions

In about 10 years, over 1000 nuclear power plants in our
tornado belt will generate electricity. These plants must
be protected against such violent winds. Under-protection could result in undesirable consequences some day,
whereas over-protection is costly and unnecessary.
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FIG. 20. Tornadoes around the world.
More people will be living in the suburbs and in
subdivisions where not all houses have been equipped
with basements or shelters. Mobile homes and trailer

parks are increasing rapidly. Residents who live in these
structures need early warning and protection against
tornadoes.

Severe Local Storms: Concepts and Understanding

NO A A /Environmental

Stanley L. Barnes
Research Laboratories, Boulder, Colo. 80302

Abstract

Thunderstorms are both a benefit and a bane to man's activities. Most of our early concepts about thunderstorms came
about as a result of visual observations and deduction. Efforts to understand more completely the mechanisms that
make thunderstorms severe have been frustrated by the lack
of adequate observational tools that can probe the internal
structure of a storm. Following the development of weatherdetecting radar and instrumented aircraft, the Thunderstorm
Project in the late 1940s contributed our first quantitative
information about the organization of updrafts, downdrafts,
precipitation type, and the life cycle of individual storm
cells. Through the widespread use of radar during the 1950s,
the complexity of thunderstorm-environment interactions
became more obvious as storms were observed to develop
in the absence of then-known triggering mechanisms, to
grow into strongly sheared winds aloft, move to the right
and left of ambient winds, and persist for hours. On the basis
of data from special surface and upper-air networks, radar,
and aircraft, conceptual models were developed in the 1960s
to explain many of these vagaries, but thunderstorm internal
circulation and structure remained mostly unobservable.
The development of Doppler radar as a research tool pro-

vided a major breakthrough in the early 1970s. Combined
with conventional surface and upper-air measurements,
with other newly developed remote sensing devices for obtaining measurements in the clear atmosphere especially in
the earth's boundary layer, we now have the capability to
mount an intensive investigation of the severe thunderstorms to determine what triggers their development; how
they interact with the freely flowing atmosphere; how
rotation develops in an updraft and what causes it to
produce tornadoes; and what measurements can be made
to improve our ability to forecast the onset of thunderstorms
and their severity, and, when necessary, to warn of their
approach. The NOAA-sponsored Severe Environmental
Storm and Mesoscale Experiment (SESAME) is being developed to answer these and other questions concerning
locally severe thunderstorms.
1. Introduction

Prof. Fujita reminded us of the shocking devastation
severe thunderstorms can inflict. We have witnessed
many similar natural disasters and wonder about the
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causes behind them. We also wonder what we can do to
save ourselves from the unfortunate consequences of
such disasters.
As with most of man's successes in dealing with his
environment, it is only after the phenomenon is studied
and understood that he is able to minimize the adverse
consequences of natural processes. But what do we know
about severe thunderstorms? Are they the atmosphere's
equivalent of a rogue elephant that seems bent upon the
destruction of everything in its path? Or are they merely
a necessary mechanism in nature's heat engine that
happens to operate in the same layer of the atmosphere
in which man also conducts most of his activities?
We know that thunderstorms, in general, play an important role in the atmosphere's machinery for redistributing the excess heat and moisture that enter the
atmosphere from the earth's surface. And as a benefit
to man's activities, convective storms produce the major
portion of precipitation that falls in many areas of the
world. T h e lightning they produce serves as a mechanism for transferring electric charge between the earth
and the upper atmosphere, and it also creates ozone.
Cooling breezes from thunderstorms provide relief from
the sticky heat that normally precedes them, and as a
consequence, reduce the energy consumed by man in
running his own machinery to accomplish the same effect.
These are some of the known benefits to man's activities. But it is the destruction thunderstorms bring that
causes us to ask, "What is a thunderstorm? How does it
get to be severe? What is going on inside that massive
billowing cloud?"
Almost immediately, we encounter a dilemma in our
attempts to describe a thunderstorm, a dilemma even
worse than that of the legendary blind men who attempted to describe an elephant. Just as they spoke of
their subject variously as a snake, a rope, a tree, we
too suffer from incomplete observations. Our task is even
more difficult in the sense that, unlike elephants whose
parts are always found in the same relative positions,
the parts of a thunderstorm distribute with perplexing
variety and form. At various times in its life, a thunderstorm may be all updraft or all downdraft, it may create
torrential rains, lightning, hail, or tornadoes, or it may
benignly rumble over our heads while dropping a
blanket of snow at our feet.
But of all thunderstorm types, there is one species we
urgently seek to understand. It is the giant cumulonimbus, towering singly or in lines with icy tops sometimes
penetrating into the stratosphere, the storms that swiftly
sweep across the Great Plains to the eastern seaboard
often leaving havoc and misery in their wake: the severe
local thunderstorm.
2. Early concepts and experiments

Our earliest understanding of thunderstorms came about
as a result of visual observations, a few ground-based
measurements, and a large amount of deduction and
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FIG. 1. Early cumulonimbus models illustrate a variety of
concepts about updraft-downdraft circulations (after Ludlam,
1963).

speculation. In spite of these limitations, many observers
of the 1800s and early 1900s (Fig. I) correctly deduced
that air composing the towering clouds converges at low
levels of the atmosphere, rises in currents that produce
rain and hail, and finally spreads out at high altitudes in
a form similar to an implement commonplace in the
lives of those early scientists, the smithy's anvil. A few
observers also correctly identified evaporative cooling as
the mechanism that causes air to rush down from these
storms and out along the earth's surface in a gusty, chilling blast (Ludlam, 1963).
The beginning of our quantitative knowledge of
thunderstorms dates from the post-World War II years.
In a 1963 review of the state of our knowledge about
severe local storms, the eminent British meteorologist,
Dr. Frank Ludlam, reminds us that . . it should be
regarded as significant that the development of meteorological theory has been tied rather closely to the
progress made toward achieving definitive
observations
So it was in the mid-1940s that the achievement of two
1

i The figures included in this paper represent about onethird of the slides presented with the talk. The complete slide
set is available, on a loan basis, upon request. Inquiries
should be addressed to the author.
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FIG. 2. Three stages in the Byers and Braham model of thunderstorm cell life cycle (adapted from Chisholm, 1973).
observational tools spurred an investigation of the thunderstorm. Those tools were weather-detecting radar and
high-performance, instrumented aircraft capable of penetrating turbulent cumulonimbus clouds.
T h e government-supported Thunderstorm Project
(Byers and Braham, 1949) acquired data on both Florida
and Ohio thunderstorms in the summers of 1946 and
1947. T h e results, quoting Dr. Ludlam again,
. .
did not so much modify previous concepts as for the first
time support them with measurements of the distribution
of up- and down-drafts, temperature and precipitationtype."
T h e most important accomplishment of the project
was the observation and documentation of thunderstorm cell evolution; that is, the data provided a basis
for synthesizing the life cycle of thunderstorms.
1) A thunderstorm is composed of one or more cells
each of which evolves through three stages (Fig. 2):
cumulus, in which the air currents are all upward
and precipitation begins to form; mature, with
warmer updraft and colder downdraft existing side
by side and precipitation reaching the surface; and
dissipating, wherein the storm has abated and a
weakening cold downdraft prevails throughout the
cell.
2) Surface weather conditions associated with the
three stages were found to be equally distinctive.
Gently converging moist warm winds accompany
the cumulus stage. As the storm matures, the downrush of precipitation-cooled air forms a micro-cold
front, a zone of abrupt change in temperature and
wind at the leading edge of the outrushing air. As
the storm decays, the cold dome of downdraft air
subsides and winds decrease. Then conditions at
the surface gradually return to what they were
before the storm developed, except in cases when
thunderstorms are associated with passage of largescale fronts commonly depicted on conventional
weather maps.
3) The lifetime of individual cells in a thunderstorm
is on the order of 1 h during which time the storm
moves 10-20 mi, on average, in the direction of the
upper winds in which it is embedded.
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While the Thunderstorm Project provided our first
quantitative measurements of the evolution of thunderstorm cells, many questions remained unresolved. Hail
growth was not studied because little hail was observed
in the storms penetrated. Tornadoes were noted to
form more frequently in squall-line thunderstorms versus
air mass type, but nothing quantitative had been observed concerning their formation, structure, or character. Little attention was paid to the horizontal flow of
air in thunderstorms, to its interaction with ambient
winds, or to the specific causes of thunderstorms.
I recall a Navy training film of that era that described three ingredients necessary for thunderstorm
development: First, moisture. Second, conditionally unstable air, meaning that the vertical profile of temperature in the ambient atmosphere is such that if air
did ascend in local currents to its condensation level,
the current would then keep on ascending by virtue of
buoyancy; that is, release of latent heat energy would
make the current warmer than the air through which
it rose. T h e third ingredient necessary for thunderstorm
development is a triggering mechanism, some means of
lifting air to its condensation level. In the late 1940s,
the commonly known mechanisms were daytime heating
of surface air over land (which sets up local convection
currents), the lifting of warm air by colder air undercutting it (a cold front), and flow over irregular terrain
(orographic lifting).
Thunderstorm development in the absence of one
of these mechanisms had been observed, but there was
little understanding of the causes. For example, under
"squall-line thunderstorms," the project report mentioned three categories: frontal, prefrontal, and air mass
(the situation that occurs in the absence of frontal boundaries between different air masses). Today, we recognize
that air mass squall lines are the consequences of motions
and instabilities organized on a mesoscale or middle
scale, being neither governed by the same physical laws
that describe atmospheric flow in the migrating highand low-pressure systems of mid-latitudes, nor by the laws
that describe the turbulent boundary layer flow in the
relatively thin friction layer next to the earth's surface.
Dr. Anthes will address this point in more detail.

FIG. 3. Cumulonimbus growth is sometimes inhibited by
marked changes in wind speed and/or direction with altitude.
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3. Contributions during the 1950s and 1960s

At the time of the Thunderstorm Project, wind shear
effects on thunderstorms were generally thought to be
detrimental to development and lifetime of cumulonimbus clouds (Fig. 3). If speed and/or direction of horizontal winds change rapidly with altitude, it was reasoned, then vertically growing clouds would be "sheared
off" and could not stand erect. Their growth would be

FIG. 4. Conceptual models of cumulonimbus circulations
imbedded in vertical wind shear. In Ludlam's model, dashed
lines are precipitation trajectories. (Adapted from Ludlam,
1963.)
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inhibited. Under certain wind shear regimes, this is a
valid explanation as one's own observations of clouds
may confirm. Research on severe thunderstorms during
the decade of the 1950s was directed toward an explanation of a phenomenon more and more frequently observed as the use of radar became more widespread. That
phenomenon was a type of thunderstorm that grows to
giant size, persists for hours, and is almost always found
in a strongly sheared wind field.
Reports of large, long-lived severe thunderstorms are
found in the early descriptive literature, but only slowly
was a base of quantitative data built. By 1960, several
investigators (Fig. 4) had conceived models of cumulonimbus circulations that they believed would be found
in large, hail-producing thunderstorms. A principal difference ascribed to these storms compared to the lesser
storms studied more than a decade earlier is that the
updrafts are tilted, in some models against the prevailing
winds and in some others, in the direction of the winds.
This tilt allows precipitation to descend outside the
main column of rising air. Precipitation that remained
in the updraft was carried aloft and thence downwind
in the strong upper-level winds usually associated with
this type of storm. One model (Fig. 5) for the first time
included the interaction of sheared winds with a vertical cloud; it also postulated a mechanism resulting from
dynamic pressure differences by which the cloud regenerates itself on its right forward flank relative to its
direction of travel. This was an attempt to explain a
frequent observation that large storms tend to move
somewhat to the right of all ambient winds in the cloudbearing layer.
However, as radar histories of storms were documented
in increasing numbers, storms were observed to move not
only to the right of winds, but also to the left, and sometimes to remain nearly stationary, all in the presence of
strong winds aloft.
During the 1960s, storm models began to incorporate

FIG. 5. Schematic of mechanism by which thunderstorm
imbedded in flow having wind direction shear in vertical
(~90°) regenerates itself. Vertical distribution of dynamic
pressure caused by interaction of cloud with ambient flow
favors updraft development on right flank relative to
direction of storm motion. (Adapted from Newton, 1960.)
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FIG. 6. Model of hailstorm circulation branches (adapted
from Browning and Ludlam, 1962).

FIG. 8. Model of wake eddy phenomena observed in some
large thunderstorms (after Lemon, 1976).

the cloud's third space dimension. Perhaps the most
widely referenced model is that proposed by Browning
and Ludlam (Fig. 6). One of the circulations in a giant
cumulonimbus, or "supercell" as Browning labeled it,
is now envisioned as a tilted twisting updraft originating
(as in earlier models) in low levels of the atmosphere.
T h e updraft rises to near stratospheric levels and then
exhausts itself in the strong horizontal winds typically
found there. Another circulation branch enters the
cloud at or slightly above middle levels. The characteristics of this current are of critical importance. In tropical
air, moisture often extends to great altitude, and thunderstorms grow in an environment that has properties
similar to those of the air inside the cloud. As a result,
evaporative cooling of air entrained into the downdraft
is minimal; therefore, the air comes down mainly as a
consequence of precipitation drag. On the other hand,
the environment of storms in the Great Plains is often
characterized by very dry air at middle levels. One fac-

tor determining the severity of thunderstorms is believed to be the vapor content of middle-level air. When
liquid water is injected into dry air, cooling is rapid and
significant. T h e rate at which this air will accelerate
toward the ground is proportional to the temperature
difference between the chilled air and the unchilled air
surrounding it. Obviously, the more rapidly air descends,
the stronger and more turbulent will be the winds that
flow out from the storm.
T h e main mass of downdraft air is associated with precipitation and is nearly saturated with moisture. However, there is growing evidence of another type of downdraft, an unsaturated one (Zipser, 1969; Barnes, 1972).
It has been observed along the rear flank relative to the
storm's translational motion. Our information is too
scanty to assess the causes or nature of this downdraft, or
its role in the general circulation of the storm. But its
proximity to the updraft region of supercell storms and
the interaction it could cause make it a prime candidate
for further investigation.
An updraft's horizontal momentum is different from
the momentum of air outside the cloud when that flow
increases and changes direction with altitude. On this
basis, it has been conjectured that the draft might well
act as a "solid body" to the upper winds, diverting flow
around it, thereby resisting the tendency for the draft
to be sheared off (Fig. 7). Indeed, aircraft flights circumnavigating large cumulonimbus clouds and radartracked chaff packets in severe thunderstorms reveal
that the active vertical drafts do divert flow around them
in much the same way as a solid cylinder would if it
were embedded in a uniform flow (Fankhauser, 1971;
Jessup, 1972).
Confirmation of the "solid" appearance of updrafts has
also come through observations of a variety of leeside
phenomena (Fig. 8). Eddies have been observed in
radar echo patterns resembling those seen downstream
from large obstacles in smoothly flowing rivers and in
certain cloud patterns in the lee of small mountainous
islands. These eddies emerge periodically from the leeside of updrafts in middle levels. Yet, updrafts and down-

FIG. 7. Thunderstorm model emphasizing interaction of
ambient flow with "quasi-solid appearing" rotating updraft
(after Fankhauser, 1971).
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FIG. 10.

FIG. 9. Bubble convection (after Scorer and Ronne, 1956).

drafts are air, not solids, and as such they interact with
the ambient flow in some degree.
Air rising in updrafts has been described both as
bubble convection (Scorer and Ronne, 1956) and as a
vertical jet (Stommel, 1947). T h e difference in these two
types of convection lies mainly in the degree to which
ambient air becomes involved in the rising draft, that is,
the rate at which air is entrained. Bubbles entrain air
rapidly, become dilute, and lose buoyancy (Fig. 9). Jets,
on the other hand, entrain air mostly along their edges,
retaining a core of undiluted air that carries with it
thermal and momentum properties acquired near the
earth's surface (Fig. 10). Of the two types, a jet-like
updraft is better able to resist the effects of vertically
sheared ambient flow. However, a mass of rising bubbles
in a vertical column of considerable horizontal extent
might also present a similar face to ambient flow.
Whether large cumulonimbus updrafts are more bubble
or more jet-like has not been completely resolved. Observations suggest they are perhaps both: aircraft flights
near the cloud base indicate updrafts are smooth and
uniform in velocity and thermal structure, while flights
through the upper portions suggest they are turbulent or
bubbly in appearance.
T h e nature of a thunderstorm's internal circulation
has been the subject of studies utilizing electronic computers to solve the appropriate equations, thus simulating connective motions that can be only partially observed with our instruments. T o date, these simulations
have been informative, but not conclusive. Difficulties
arise in trying to model different scales of interaction
and the microphysical processes involving water sub-

Entraining convective jet (after Stommel,

1947).

stance. But it is important that we eventually resolve
these questions, for the nature of updrafts determines
the type and amounts of precipitation produced, it determines the cloud circulation's ability to produce hail
and to sustain rotation, and it determines the lifetime
of the storm, which is constantly in contact with forces
that would destroy it.
During the 1950s and early 1960s while aircraft and
radar observations of severe thunderstorms were slowly
accumulating, surface-based measurements literally overwhelmed our means to analyze them. Most of what we
know about the thunderstorm's micro-cold front, about
the positions of updrafts and downdrafts relative to
radar echo signatures, and about tornadic phenomena
has come as a result of surface measurements, both instrumental and visual (Fig. 11). Low pressure, converging
winds, cloud formations such as collar and wall clouds,
and a certain configuration of weakly reflecting radar

FIG. 11. Surface features associated with a tornadic supercell
thunderstorm. Radar reflectivity pattern (alternate clear and
shaded bands) has "notch" just north of sink in surface wind
field (large dot). Warm moist air
~ 21°C) flows toward
sink from southeast; cool, drier air (6 ~ 16°C) descended
from mid-tropospheric levels flows toward sink from west and
northwest behind microfront (heavy barbed line). (After
Barnes, 1972.)
W
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FIG. 12. Typical radar "hook" echo pattern. (Courtesy NOAA/ERL National
Severe Storms Laboratory.)
echo are known to be associated with the supercell's updraft, which unlike lesser thunderstorms exhibits an
overall steadiness and lifetime of several hours and sustains draft speeds of 10-30 m/s compared to 5-15 m/s
typical of more common thunderstorms. High pressure,
divergent winds, and heaviest rain are the surface manifestations of the saturated downdraft.
T h e radar hook echo (Fig. 12) often reveals that the

updraft is rotating about a vertical axis, a factor considered to be a necessary but not a sufficient condition
for formation of the largest and most destructive tornadoes. Brooks (1949) inferred from surface pressure
traces the parent circulation of tornadoes: the tornado
cyclone. During the 1950s and 1960s, the relationship of
tornadoes to their parent circulation was firmly documented, mostly as a result of the efforts of our previous
speaker. And yet, we still do not know precisely how
tornadoes form. T h e problem is not so much one of
finding a proper physical explanation of how rotation
is concentrated into a small vortex. T h e problem is in
knowing which of several possible mechanisms apply
and, more specifically, what the factors are in a storm's
environment that determine whether it shall produce no
tornadoes, a giant one, or many lesser ones.
4. A n observational breakthrough

FIG. 13. A tornadic storm's internal wind field at 2 km
altitude observed by dual Doppler radars. Rotating updraft is
at right near notch in reflectivity pattern (shaded bands).
(After Ray et al., 1975.)

By the end of the 1960s, our observations of thunderstorms and their attendant phenomena had increased
several fold, but in a piecemeal fashion. We have yet to
observe quantitatively in a single severe thunderstorm
the initiation of convection, the evolution of its internal
structure, its interactions with ambient atmosphere, and,
finally, its demise. However, within the past five years,
a major breakthrough has occurred: the development of
Doppler radar as a research tool. For the first time we
have the capability to peer inside that turbulent cloudy
mass and follow the evolution of its circulations (Fig. 13).
We have already seen that some updrafts do rotate, at
first in middle levels, and that they then gradually extend their rotation downward until finally, somehow, a
tornado is produced (Burgess et al., 1975). Our goal
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FIG. 14. Newly developed WP3D research aircraft of the
U.S. Department of Commerce, NOAA.
now is to observe the internal circulation of such storms
while at the same time monitoring the ambient atmosphere in sufficient detail to understand the nature of
the interactions between the storm and its environment.
These measurements will come from improved conventional meteorological sensors, from a variety of radars,
from newly acquired aircraft especially built as research
platforms (Fig. 14), and from a variety of surface- and
satellite-based remote sensing devices, including acoustic
sounders (Fig. 15), microwave sounders, sensitive microbarographs, and optical wind meters.
We must bring together our best talents to analyze the
complex structures we expect to observe in order to
understand how thunderstorms are born; how they become severe; when they are likely to produce tornadoes,
and/or hail, and for what reasons; how much water is
likely to precipitate; and, increasingly important in our
efforts to predict the weather on a continental scale,

FIG. 15. Acoustic echo sounder. Electrodynamic transducer
at small end of horn is both sound source for tone bursts
and microphone for monostatic acoustic echo soundings of
atmosphere's temperature structure. (Courtesy NOAA/ERL
Wave Propagation Laboratory.)
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what will be the influence of these storms on tomorrow's
weather downstream.
A NOAA-sponsored 6-year project called SESAME
(Severe Environmental Storm and Mesoscale Experiment; Lilly 1975) has been proposed to:
1) increase understanding of severe thunderstorms as
a function of their environment;
2) utilize new technology in remote and direct sensing, data processing, and numerical simulation on
scales of atmospheric motions not now observed
contemporaneously (2.5-250 km; minutes to several
hours).
With this program in operation, we hope to bring our
arsenal of observing tools together here in Oklahoma for
a concentrated effort to unveil these additional facets of
thunderstorms so that we might later find the means to
adjust our human endeavors to both the benefits and
menaces of severe local storms.
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Operational Forecasting and Warning of Severe Local Storms

Allen Pearson
National Severe Storms Forecast Center, Kansas City, Mo. 64106
The paper, most of an address given to a Congressional
subcommittee, emphasizes the present state of forecasting
and warning. Emphasis is placed on difficulties inherent in
warning the populace of short-lived events, i.e., those less
than 15 min from touchdown to liftoff, as well as the synoptic-scale antecedent conditions necessary for tornado formation. Weaknesses in the present system of detection by
radar are discussed as well as the communication links
between the National Weather Service and the electronic
media.
Drs. Fujita and Barnes have illustrated the havoc of an
outbreak and what we know, or do not know, about the
mechanics of a tornado. T h e practicing severe storms
meteorologist knows all he needs to know about the
latter and is mainly interested in looking for the clues
that might be given as to where, when, and how much.
Most forecasters have been in a situation at one time
or another in which they have had a very good idea of
what was going to happen but have missed it by 6 h or
so, and perhaps 150 mi. At other times the weather came
along, pretty much on schedule, but was considerably
weaker or stronger than anticipated. Our batting average
shows that we are more precise on forecasting the
stronger and more significant tornado outbreaks, but
even here, timing is a very major problem.
T h e largest tornado I am aware of, and perhaps the
worst of the century, began near White Deer, Tex., on
9 April 1947 and moved along a 221 mi path to smash
Woodward, Okla., in the western part of the state. T h e
average path width was at least a mile, and the damage in Woodward was spread across 1.8 mi. Winds were
certainly in excess of 200 mph.
T h e weakest tornado I am aware of was 6 or 7 ft wide
and had a path length of about the same distance; it
is quite probable that the peak winds were no more
than 40 mph.
These examples illustrate both ends of the spectrum.
This is the beginning of my 11th year in severe local
storms forecasting, and for the first two years, I tried to
see if there were ways we could correctly forecast every
tornado, with the tools at hand. As the years went along,
it soon became apparent to me that this would be a
case of overkill; whereas the statistics vary from one
part of the country to the next, as a generality, about
half the tornadoes reported in the country might be
considered insignificant and do not warrant much attention. Once in a while these lesser tornadoes, which I
have dubbed "mini-tornadoes" for lack of a better
word, do hit a structure that is not very well put together and may cause damage and death, but this is very
much the exception.

On the other hand, a recent study indicates that 2%
of the tornadoes cause 90% of the deaths, and if you
consider that there is an average of 700 tornadoes a year,
the 20-25 largest ones are generally your biggest worry.
There are other large tornado outbreaks, 4 or 5 days a
year, in which our watch-warning program has mitigated the deaths but not the damage. All in all, there
may be 200 tornadoes that are operationally significant
in a typical year. Some years there may be more (1974,
for example) and other years, less (such as 1975).
Let us say that the typical tornado has a path length
of between 5 and 10 mi, a path width of 250 ft, and
peak wind speeds of 125-150 mph. T h e parent thunderstorm exists for an hour and the tornado for 15 min.
T h e question then becomes, how do you warn the public
about the thunderstorm-tornado as it goes through its
short life cycle?
Figure 1 shows the basic upper-air data network in the
United States. Twice each day, at times fixed by international agreement, rawinsondes are released. T h e instrument alternately measures the temperature and the
humidity as it goes aloft, and the upper winds are inferred by tracking the movement of the balloon. The
typical spacing between rawinsondes is 250 mi. T h e
data received from the rawinsondes worldwide are the
basis of all scientific forecasting as we know it.
In effect, we are sampling the atmosphere in much
the same way as rating groups sample the viewing public,
since it is physically and financially impossible to know
what is going on at every level of the atmosphere and
at every point in space. In the main this works very well,
but the more local the weather, the less likely the
rawinsonde data will be representative. The problem
is not unique to severe storms forecasting but is also a
problem with strong inversions characteristic of potential
air pollution situations. Both groups of meteorologists
get around this by having special rawinsonde releases
when there is a potential. This helps a good deal, but it
puts you in the position of having to forecast an abnormality that you are not sure exists, before you can
be sure.
Whereas the necessary conditions vary from one part
of the country to the next, and from season to season,
the main conditions that the forecaster is looking for in
tornado development are:
1) moist air near the surface, with drier air aloft;
2) a sharp contrast or gradient in the lower-level
moisture field;
3) pronounced wind shear between the lower-level
winds and the high-level winds, preferably from the
south near the surface and from the west aloft;
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FIG. 1. Domestic rawinsonde network.
4) a surface pressure field somewhere between 995
and 1010 mb;
5) an unstable air mass, i.e., one that is potentially
buoyant;
6) warm, but not hot, air near the earth's surface;
7) the existence of a so-called "trigger mechanism."
The task of the forecaster is to try to project known
conditions into the future, to see if the likelihood of
severe weather is increasing. It is extremely rare to find
the variables all lined up like ducks in a shooting gallery. If I had to select one key item in the forecast
process, it would be surface cyclogenesis (i.e., whether or
not a low pressure center will form near the ground).
The 8 June 1974 case is a good one for discussion of
the warning dissemination methods currently in use.
The handling of the Oklahoma storms was judged by
Weather Service officials as "outstanding . . . a textbook
performance." Speaking for myself, I have never seen a
better handling for a city than Tulsa got that day.
The backbone of the Weather Service's warning program is the WSR-57 radar, and Fig. 2 shows the radar
network. We are filling in the gaps with smaller radars

that are used only on an as-needed basis. The storms of
8 June were being monitored by Oklahoma City,
Wichita, Kansas City, and Monett (Mo.) radars. Not
all of the WSR-57s are identical, since we are constantly
adding new refinements to them. They are effective out
to 100-125 mi in locating and determining the intensity
of thunderstorms; beyond that distance the earth's
curvature does not permit us to scan the lower part of
the thunderstorm.
The WSR-57 does not detect tornadoes per se, but in
some instances there are certain physical characteristics
that suggest, both from theory and from experience, that
a tornado is possible. While exact figures are not available, it is my estimate that these signatures are present
less than 30% of the time. There are no figures available
as to the time lag, if any, and in practice the pattern
slowly evolves rather than appearing dramatically. Dr.
Battan will address this later.
The radar is most effectively used to monitor the rate
of change of intensity of the individual storms, their
movement, and as a means of vectoring spotter groups
toward the storm for visual confirmation. There was
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FIG. 2. The NOAA National Weather Service radar network as of 1 October 1975.
such a group in Tulsa (the Tulsa Repeater Organization), and there generally are such groups in areas
where things have gone right. T h e limitations of present
day radar create the need for such National Weather
Service (NWS) trained spotter networks among the populace. Our disaster preparedness program supports
local warning systems, and we serve as the catalyst for
the training of these volunteers, always hoping to get the
fine reaction such as that at Neosho, Mo., and Omaha,
Neb., earlier this year.
T h e NWS has assigned warning responsibility to many,
though not all, of its offices across the country. Each one
has certain counties that it attempts to service in
whatever manner is appropriate. T h e backbone of this
system is the NOAA Weather Wire. This is a teletypewriter circuit, 75 wpm, that is controlled by one weather
office in the state. Other offices may break in with warnings, and there are certain alarm systems that are optional to the user. T h e NWS pays the long-line charges
into the city if there is a radio or T V station there. Costs
to the subscriber vary from state to state for the teletypewriter machine and the add-on features, and they
are generally less than $100 a month.
T h e Weather Wire was designed for the routine handling of day-to-day weather, and it tends to be rather

slow and a bit cumbersome for fast-breaking developments, since it takes, on the average, from 5 to 8 min
to prepare the tape and transmit the information. This
should be reduced to 2-3 min once our automated AFOS
system (Automation of Field Operations and Services)
becomes operational around 1980.
It is not the time of preparation of the warning that
is the major problem with the Weather Wire; the main
problem is trying to convince all of the radio and T V
stations that it is in their best interests to subscribe to
the service. Oklahoma has one of the best records in the
country. When the 8 June storms hit, about half of the
full-time AM stations were on the Weather Wire, but
only 27% of the daytime AM radio stations were on.
Television subscription is much better, in this case 100%,
but the time of day of the storm largely determines the
citizenry's listening or viewing habits, and trying to
warn a large populace with only a third of the radio
stations participating is a chancy situation at best. It is
more often the smaller town, with no local T V station
and a nearby 500 W radio station, that has inadequate
communications.
T h e radio groups fill in a major void here, where there
is such a volunteer group, by spreading the word ahead.
If they are well organized, and if there is a local comUnauthenticated | Downloaded 01/09/23 10:46 PM UTC
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munity plan, then the sirens are sounded and people
take cover. In Drumright's case, the Mayor was personally on duty in the town's weather tower, and there
would not have been any fatalities at all if the concrete block walls of the nursing home hadn't collapsed.
One of the key parts the tornado watch plays is getting
the system geared up and into action, so that there are
people like Mayor Hutchinson keeping watch. I wish I
could say that this was the case everywhere in the
tornado belt, but it is the exception rather than the rule.
Two tornadoes hit Tulsa later in the evening, and
sirens were used to alert the populace. An effective siren
system is not cheap, and as towns expand, the siren
systems generally do not keep pace. Jurisdictional problems become acute where the city expects the county
to provide the sirens while the county feels that it is
a city problem. Many of our major midwestern cities are
river towns, in two states or at least in several counties.
Local differences make it virtually impossible to get a
unified warning system because of autonomy.
Later that afternoon a second squall line approached
Emporia, Kans., which is well within our WSR-57 range.
Emporia has a community plan, and at the time, our
Meteorologist-in-Charge at Topeka was on the phone
talking with the police to see if they could feed us
visual information about the thunderstorm approaching
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the city. At the same instant, the tornado touched down
in a shopping center. Within a minute or so the sirens
were sounded, but not until the storm had done most of
its damage. Had it begun 5 mi northwest of town, I am
convinced the populace would have been alerted and
the deaths avoided.
In western Missouri and eastern Kansas there are 38
counties that my office serves for warnings; most of them
are rural, with only a few towns larger than 5000. Most
of them are served by Kansas City T V stations, though
some depend upon St. Joseph, Omaha, Columbia (Mo.),
St. Louis, and even Des Moines. There are radio stations
in 14 of the counties (all but two are daytime only), and
the communications depend upon relays from the Missouri Highway Patrol. T h e fan out is by telephone, and
telephone lines are very susceptible to wind damage.
The quality of the local warning programs is largely determined by economics and by leadership from one or
two people who are willing to do the work, generally
gratis. We had our first killer tornado in eight years last
April, and I will never forget trying to get through to
the small town of Breckenridge, only to realize later that
the lines were down and the Sheriff was not in his
office. Luckily, a passing truck equipped with CB equipment, radioed ahead, and the fire siren was sounded.
T h e only fatality was a very old man who was stone deaf.

Numerical Prediction of Severe Storms—Certainty, Possibility, or Dream?

Richard A. Anthes
The Pennsylvania State University, University Park, Pa. 16802
Abstract

Because many of the severe weather phenomena that are
most important to human activity occur on space scales
smaller than those that are resolved by current operational
numerical models, considerable effort is underway to develop numerical models of mesoscale circulations. The
overall problem of mesoscale modeling is introduced and
some examples of important mesoscale perturbations to
larger-scale circulations are presented.
1. Introduction to numerical weather prediction

Numerical weather prediction, which involves forecasting meteorological variables with computer solutions of
the mathematical equations that represent the physics
of the atmosphere, has been routine in the United
States for more than 20 years. Numerical models have
been applied operationally to the prediction of largescale, or synoptic-scale, atmospheric circulation systems,
i.e., those systems that span horizontal distances of several thousand kilometers and persist as identifiable perturbations of the atmospheric flow for 1-4 days. Encouraged by the success of these models, meteorologists
have recently begun exoeriments with numerical models

of atmospheric phenomena on much smaller space and
shorter time scales. It is in this middle range, the mesoscale, where many of the severe weather phenomena
such as hurricanes, tornadoes, ice and snow storms,
and severe air pollution events occur. This article reviews some of the potentialities and problems that surround numerical modeling of these small, yet important,
atmospheric phenomena.
T h e essential components of any numerical model are
outlined in Fig. 1. T o properly model any atmospheric
phenomena, whether the broad belt of upper-level westerlies that meanders around the globe or an intense,
hail-and-tornado producing thunderstorm that covers
only a few square kilometers, the first step is the identification and understanding of the important physical
processes that affect the feature during its lifetime.
Usually, many individuals contribute through observational and theoretical studies to the wealth of information that is necessary for the successful completion of
this crucial first step. Thus, today's numerical weather
prediction models are utilizing basic research done in
the 18th century.
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FIG. 1. Components of numerical weather prediction models.
Next, these important processes must be represented
by mathematical equations that can be solved by computers. This second step nearly always requires some
simplification, for the finite sizes and speeds of computers limit the degree of physical and mathematical
sophistication allowed. T h e mathematical representation
of the physical relationships produces a set of prediction equations for temperature, pressure, winds, and
usually moisture. These equations are solved at many
points over a horizontal array (grid) and at several levels
in the atmosphere. An example of a horizontal grid,
which has a spacing between solution points of 20 km
and would be suitable for mesoscale prediction, is shown
in Fig. 2.
A large three-dimensional grid in a numerical model
might consist of a 50 X 50 horizontal array applied at 10
levels in the atmosphere, yielding a total of 25 000
model data points. If six variables (temperature, humidity, pressure, and three components of velocity) are defined at each data point, there are 150 000 bits of data
representing the state of the atmosphere at a given
moment.
Obtaining an accurate initial analysis of the threedimensional atmosphere is the third important aspect of
the overall numerical modeling problem, and it is a
major obstacle to the modeling of small-scale and severe
weather phenomena. T h e initialization phase consists of
two parts, observation and analysis. Observations are expensive, and so there are never as many observations as
there are data points in the model. Therefore, threedimensional analyses of all the variables at all the grid
points must be made from a limited number of observations. Errors and unrepresentative features in the observations and resulting analyses contaminate the subsequent forecasts.
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The traditional source of data for the operational,
large-scale models has been the radiosonde, which provides temperature, wind, and moisture data at many
levels in the atmosphere. T h e average horizontal spacing
between radiosonde stations in the United States is
about 400 km; as a result, important weather-producing
systems with horizontal dimensions less than 400 km are
either missed entirely or grossly misrepresented by the
conventional network. Recently, satellites have provided
relatively inexpensive and very detailed observations of
clouds, temperatures, moisture, and to a lesser extent, winds. Unfortunately, however, satellites provide
the least information about the most important variable in the initialization of mesoscale models, the wind.
T h e fourth step in the numerical modeling problem is
the generation of the forecast itself by the solution of
the mathematical equations derived in the second step.
Given the initial structure of the atmosphere, the prediction equations may be utilized to obtain the state of the
atmosphere a short time (say 10 min) in the future.
When this process is repeated again and again, a picture
of the three-dimensional structure of the atmosphere for
a day or more in advance can be obtained. A typical 24
h forecast with a large-scale model requires approximately 100 successive solutions of each equation at each
point, or for the model above, a total of 15 million solutions. Clearly, only the most powerful computers are
capable of dealing with such sophisticated models.

a. Numerical prediction of large-scale atmospheric systems
T h e large-scale models typically produce forecasts for
12-48 h in advance over a horizontal domain spanning
thousands of kilometers. T h e separation between grid
points is about 400 km; as a result, only circulation systems bigger than approximately 2000 km can be resolved
with any acceptable degree of accuracy. Such features include the traveling waves in the westerlies and their
associated surface cyclones and anticyclones that domi-

FIG. 2. Mesoscale horizontal grid over the eastern
United States.
Unauthenticated | Downloaded 01/09/23 10:46 PM UTC

Bulletin American Meteorological

Society

425

expressed as a percent, where H is the number of hits
(measurable precipitation that was forecast), O is the
total number of all rainfall events, and F is the number
of forecast rainfall events. A perfect skill score would be

100%.

FIG. 3. Root-mean-square forecast height error vs. forecast
period for three forecasting techniques: 1) climatic mean, 2)
persistence, and 3) barotropic model.
nate the weather in middle latitudes during most of the
year.
An example of the success of a large-scale barotropic
model, which is one of the simplest numerical weather
prediction models, is shown in Fig. 3 (NCAR Workshop,
1974). Here the measure of error is the root-mean-square
error of the height of the 500 mb pressure surface. Perturbations in the height of this pressure surface are
highly correlated with surface weather, although a perfect forecast of the flow at 500 mb certainly does not
guarantee a perfect forecast of surface weather. This
lack of perfect correlation is due in large part to the
existence of important mesoscale circulations that are
not strongly reflected in the 500 mb flow. According to
Fig. 3, the model forecasts show skill, compared to the
climatic mean or persistence, for more than three days.
Some theoretical results on the limits of large-scale atmospheric predictability suggest that improved models may
be able to show skill for up to two weeks, although practical results have been slow to confirm this optimistic
limit.
Contrary to some expectations (and fears), computer
models of the atmosphere have not replaced human forecasters. Experience has shown that a combination of
human judgment and numerical predictions produces a
better forecast than either could do alone. An example
is shown in Fig. 4, where the skill of forecasting measurable precipitation over the 12-24 h forecast period is
compared for three techniques (Gerrity, 1974). Here, the
skill score is defined as
S = H/(0 + F — H)
(1)

T h e three skill scores, plotted by month, represent the
operational model of the National Weather Service
(NWS) that has a horizontal resolution of about 380 km,
a fine-mesh version of this same model in which the
horizontal spacing between grid points is about 190 km,
and a combination of human plus model forecasts. All
three forecast methods show considerable skill, especially
during the winter months. As expected, the fine-resolution model in general performs better than the coarsemesh model, because it more faithfully resolves the largescale rain-producing circulations. However, the human
forecasters, who interpret and modify the computer
model results, produce the highest skills throughout the
year.
T h e comparison of skills is not the most important
point to be drawn from Fig. 4, because the difference
between the forecast methods during a particular month
of the year is much less than the difference in all methods from season to season. By this measure of forecast
accuracy, the wintertime precipitation forecasts are
nearly twice as accurate as forecasts made during August.
T h e reason for the declining skill during the summer
months is that the dominant scale of the weather-producing systems decreases sharply from winter to summer
over the United States. During the winter, precipitation
events are associated with large cyclones that cover vast
regions of the United States with more or less continuous
sheets of clouds and precipitation. Persisting for several
days, these cyclones have structures and evolutions that
are well suited to the requirements of the large-scale
models. During the summer, however, the large cyclones

FIG. 4. Twelve to 24 h forecast verification of measurable
precipitation using 1) NWS 6-level model (coarse grid), 2)
NWS fine-mesh model, and 3) combination of human forecasters and numerical models.
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retreat northward, and most of the precipitation that
occurs over the United States is produced by small-scale
convective systems and their associated thunderstorms,
several of which may fit between grid points in the
operational models. These convective systems are predictable by these models only to the extent that they are
correlated with larger-scale weather disturbances. During
the summer months, even these large disturbances are
smaller and weaker (and, therefore, more difficult to
detect) and persist for shorter times than they do in the
winter. Thus, it appears that a tremendous improvement
in forecast accuracy could be achieved by developing
numerical models with horizontal resolutions much finer
than those of the current large-scale models.
b. Numerical prediction of small-scale atmospheric

systems

Mesoscale motions are generally predictable for only a
short time into the future, but even improved 6-12 h
forecasts of severe weather events would be very useful.
There are at least two possible approaches to the modeling of small-scale weather systems, including severe
storms. The first method utilizes parameters that are
forecast by the larger-scale numerical models and that
are statistically related to severe weather events. T h e
second method is to construct dynamical prediction
models that are valid for forecasting individual smallscale weather disturbances.
1) S T A T I S T I C A L M O D E L S BASED O N L A R G E - S C A L E F O R E C A S T S

It is well-known that even very small-scale severe weather
events are correlated with large-scale properties of the
atmosphere. Thus, it is possible to derive statistical equations that relate the probability of severe weather to
parameters that are forecast by the large-scale models. If
the physical and numerical aspects of the dynamical
model remain unchanged, the statistical relationships
automatically compensate for any bias of the model.
An example of the statistical forecasting technique is
the preparation of 24 h thunderstorm probabilities by
the NWS (Cooley, 1973). The six physical parameters
produced by the NWS operational numerical model
that have the greatest statistical correlation with thunderstorm occurrences for the period April-September are
shown in Table 1. T h e leading predictor is the K index,
which is a measure of the stability of the lower half of
the atmosphere and the amount of water vapor present
in the lower levels:

Physical parameters produced by the NWS operational
numerical model with greatest correlation with thunderstorms (April-September).

T A B L E 1.

Contribution
to Probability

Parameter

Category

Kindex
Surface dewpoint
700 mb temperature
Horizontal divergence
of moisture
Surface temperature
Mean relative humidity
Constant

5°C < K < 32°C
> 18°C
< 18°C
>10°C
<10°C
< —4 X 10 s
> - 4 X 10" s"
<22°
>22°C
>50%
<50%
-8

-1

8

1

2.11K
0
-13.13
0
15.9
7.04
0
-11.2
0
0
-9.95
5.23

stable, when the boundary layer is warm and moist, and
when strong low-level convergence of water vapor exists.
2) D Y N A M I C MESOSCALE MODELS

Although statistical techniques have proven useful to
relate small-scale weather events to parameters forecast
by the large-scale models, their potential use is limited
by their lack of detailed information about individual
events and by the horizontal resolution of the largerscale model. Also, statistical methods provide little
physical insight into the physical mechanisms that cause
severe weather. In order to refine the prediction of
severe weather activity with respect to the intensity, time,
and location of each event, some meteorologists are turning their attention to the development of high-resolution
dynamical prediction models that have the potential of
predicting the life cycle of severe storms, just as the
larger-scale models forecast the development and movement of extratropical cyclones. T h e problem is not as
straightforward as it might seem, however. T h e mesh
size of the large-scale models can not simply be reduced
and applied to the small-scale phenomena. Not only do
some of the important physical processes differ on the
two scales, but the observational and computer requirements increase rapidly as the mesh size is reduced.
Both of these obstacles can be discussed in the context of the scale-interaction problem.
2. Interaction of different scales of motion—
A fundamental problem in small-scale
numerical prediction

K — (7*850mb 7*500mb) ~f" Td850mb — (7\oOmb — 7\j700mb) (2) The atmosphere consists of scales of motion ranging
from the molecular scale to the giant waves in the westerlies with wavelengths comparable to the circumference
where K is expressed in degrees Celsius. Here T is the
temperature and T is the dewpoint. Thunderstorms of the earth. Figure 5 gives the time and space scales
are more likely when the value of K is large.
for several atmospheric features. T h e division between
the synoptic, mesoscale, and microscale is, of course,
The conditional probability of thunderstorms is found
by adding the separate contributions in Table 1 as a
rather arbitrary.
function of the six parameters. The predictors indicate
A dramatic example of the interaction of two circuthat the maximum thunderstorm probability exists when
lations that differ in time and space scales by 2 or 3
the atmosphere below 500 mb (5.5 km) is moist and un- orders of magnitude is shown in Figs. 6 and 7. Figure 6,
d
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taken at 12:30 EST, 24 March 1975, shows a huge extratropical cyclone system that dominates the eastern half
of the United States and extends well into Canada. The
band of clouds reaching from the Gulf of Mexico to
New England marks a cold front. Behind the cold front,
over the Ohio Valley, skies are clear, as cold dry air
sinks behind the cold front. Farther to the west, over
Iowa, a swirling mass of clouds marks the center of
the cyclone.
In Fig. 7, taken 3-1/2 h later, the large-scale cyclone
system has changed only slightly. However, in the previously clear air behind the front, numerous showers and
even isolated thunderstorms have erupted. The strong
March sun has heated the ground sufficiently to produce
small-scale convection in the unstable cold air mass.
These small-scale systems, whose development was ordained by larger-scale events, are then swept downwind
by the circulation around the cyclone.
Whereas interactions between all scales of motion are
continuously occurring, for many numerical weather prediction problems the interactions between widely different scales of motion are negligible for limited forecast
periods (at least for the effect of small-scale motions on
the larger scales). Thus the detailed behavior of the
individual cumulus clouds in Fig. 7 may be safely ignored in the prediction of the much larger-scale cyclone
system. This weak feedback of the small- to larger-scale
motion is fortunate, for numerical models are able, at
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best, to treat simultaneously motions that differ in size
by no more than a factor of 10.
Whereas it may be true that small-scale motions may
be neglected, or at least simplified greatly in the largescale prediction models, the converse is not true. Mesoscale circulations depend critically on large-scale motions, even if the smaller-scale phenomena are simply
transported downwind. Thus, a necessary, but not sufficient, condition for an accurate mesoscale forecast is an
accurate larger-scale forecast. For a 12 h forecast, this
requirement is essentially one of a good analysis, since
large-scale conditions usually change only slightly over
12 h (see "persistence" in Fig. 3).
But, important as they are, even a perfect large-scale
forecast does not guarantee success for the mesoscale
prediction model, especially when severe weather events
are involved. Referring back to the necessary components
of any numerical model (Fig. 1), we find several important gaps when mesoscale models of severe weather
are considered. One is a lack of basic knowledge of all
of the important physical process that operate on this
scale. Although we have many ideas and hunches, we
simply do not yet know which processes are essential to
the modeling problem and how to efficiently represent
these processes in numerical models. As an example, we
know that the latent heat released when water vapor condenses is vital to thunderstorm formation. But how important are the details of the complicated condensation

FIG. 5. Schematic illustration of scales of motion in the atmosphere.
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FIG. 6. Satellite photograph of extratropical cyclone at
12:30 EST, 24 March 1975, showing cold front over eastern
United States, a dry region through the Ohio Valley, and a
cyclone over Iowa.
process? Must we account for the amount of supercooled
water or for the type and number of condensation and
freezing nuclei present?
Another component of the overall mesoscale prediction problem that demands additional research is the observation and analysis problem. We must determine the
optimal types and distributions of observations that are
essential to the initialization of the numerical models.
Furthermore, efficient techniques must be developed to
analyze these data in a way that is compatible with the
requirements of the model.
a. Project SESAME—A study of the scale
interaction problem
T h e NOAA proposed Severe Environmental Storms and
Mesoscale Experiment (SESAME) is being designed to
provide answers to basic questions such as those dis-
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cussed in the previous section and to provide the observational data necessary to understand severe convective storms (Lilly, 1975). These data will also aid in
the development and verification of numerical mesoscale
models. A basic hypothesis of SESAME is that physical
processes on the large end of the mesoscale range (2502500 km) organize or initiate convective systems on the
medium mesoscale (25-250 km), which in turn produce
severe weather on the small range of the mesoscale
(2.5-25 km).
T o test this hypothesis, special observations will be
taken during severe weather events (and hopefully also
during "undisturbed" conditions in order to establish
background variability) on the above three scales of
motion. T o resolve the 250-2500 km scale (the so-called
meso-a scale), the normal rawinsonde network will be
augmented by additional stations and more frequent
soundings. On the 25-250 km scale (the meso-^g scale),
special surface stations will be spaced at about 25 km intervals. Most of the meso-^ area will be covered by
radar. On the smallest scale (the meso-7 scale), the radar
and surface observations will be supplemented by remote sensing systems, including microwave, acoustic,
laser, and pressure-sensing devices.
b. An example of the numerical treatment of scale
interactions using a nested grid
In the numerical prediction of the interaction of two
scales of motion that vary by an order of magnitude, the
"nested grid" concept has proven useful. In this technique, a high-resolution, fine-mesh grid is centered over
the small-scale circulation of interest. This fine mesh is
nested within a coarse mesh; this nesting enables
the large-scale motions to be predicted as well. Although
the numerical treatment of the interface between the
two meshes is troublesome, the nested grid concept
represents a satisfactory compromise between the need
for high resolution over the small feature and the simultaneous requirement for coverage of a domain large
enough to forecast the larger-scale flow.
An example of a 6 h forecast of a small-scale wind
maximum associated with a jet streak utilizing a nested
grid is shown in Fig. 8 (Anthes et al., 1974). In this
example, the fine-mesh size is 20 km, and the coarse-mesh
size is 60 km. Coverage of the entire domain with the
nested system requires 1700 points. In contrast, coverage
of the same domain with a uniform fine mesh would
require 8100 points. In the experiment illustrated in
Fig. 8, the variations in wind speed across and along
the jet streak, and their associated small-scale temperature change patterns, are resolved by the fine mesh, while
larger-scale changes are forecast by the coarse mesh.
3. Modeling of severe weather phenomena other than
thunderstorms and tornadoes

FIG. 7. Satellite photograph of same storm system 3-1/2 h
later showing development of lines of cumulus clouds and
scattered thunderstorms in previously clear band.

Tornadoes and severe thunderstorms, while perhaps the
most dramatic examples of severe weather, are not the
only potential targets for mesoscale models. Heavy snow
and ice storms, liurricane-force downslope winds, floods,
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hurricanes, and severe air pollution episodes are either
entirely mesoscale phenomena or are part of mesoscale variations within synoptic-scale circulations. Many
of these mesoscale systems are associated with terrain
variations. For example, Fig. 9 shows the total snowfall
that occurred over Pennsylvania during 18-19 February
1972. Although the snow event was associated with a
large-scale cyclone, the details of the snowfall pattern
reveal a mesoscale structure of enormous importance to
human safety and economic interests. As shown in Fig. 9,
100 km can make the difference between a "mere" heavy
snowfall of about a foot and a crippling snowfall of
over 2 ft. As shown by the mean topographic elevations,
a large part of the excessive snowfall is related to terrain
variations.
Another example of significant mesoscale variability
within a basically large-scale system is shown in Fig. 10.
Here the total rainfall associated with the Hurricane
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Agnes disaster (20-25 June 1972) is analyzed over Pennsylvania. Horizontal variations of total rainfall of over 5
in. in 100 km are common. Again, there is some apparent
association with terrain variations, but the correlation is
not perfect and other mesoscale processes also appear to
have played an important role.
Mesoscale numerical models of hypothetical hurricanes
have been developed and studied over the past 10 years.
Recently, the NWS has begun development and testing
of a dynamical hurricane model for use in operational
hurricane prediction (Hovermale et al., 1975). This
model has a horizontal resolution of 60 km and is theoretically capable of resolving many of the mesoscale features of hurricane circulations, such as the rainfall variations in Hurricane Agnes. Figure 11 shows the three-dimensional air trajectories for a similar hurricane model
(Anthes et al., 1971) and indicates the detailed flow patterns that are resolvable by such mesoscale models. The

FIG. 8. Six-hour forecast of jet streak on nested grid.
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FIG. 9. Mesoscale variations in heavy snowfall over Pennsylvania in the period 18-19 February 1972.
model that generated these trajectories had a horizontal
resolution of 30 km and covered a domain with a diameter of about 900 km.
4. Summary
Atmospheric circulations that combine to produce various severe weather phenomena range over many space
and time scales. Numerical models of the atmosphere are
applied routinely to the prediction of large-scale circulations for periods of 12-48 h. Most severe weather phenomena, including thunderstorms, heavy snow and ice
storms, floods, and hurricanes, are associated with important mesoscale circulations that are not related simply
to the larger-scale flow patterns. Thus, meteorologists
are investigating the possibility of constructing mesoscale numerical models that are capable of resolving
these subsynoptic-scale circulations. Some preliminary
results, notably those involving the prediction of hurricane motion and severe convective systems, have been
promising, so that numerical prediction of some weather
events is definitely more than a dream. T o make the possibility of successful prediction of severe weather a reality
requires continued hard work at basic and applied research. Many of the models of severe weather that are
developed will have a limited operational utility be-

Fig. 10. Mesoscale variations in heavy rainfall associated
with Hurricane Agnes over Pennsylvania for the period 20-25
June 1972.

FIG. 11. Three-dimensional trajectories in a model hurricane.
cause of their complexity and expense. Nevertheless,
these models will almost certainly provide useful information on the important physical processes of smallerscale systems, and hence will be valuable as research
tools.
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Detection of Severe Local Storms

1

Louis J. Battan
Institute of Atmospheric Physics, University of Arizona, Tucson, Ariz. 85721
Abstract

Various techniques are now employed for tornado detection; of particular value are visual observations and conventional radars, which measure echo intensities and shapes.
In recent years there has been a resurgence of interest in
the use of sferics receivers to locate regions of unusual
electrical activity sometimes associated with tornadoes. There
has been increased research on the use of satellite cloud data
to identify clouds capable of producing tornadoes. Over
the last few years, impressive advances have been made in
the development of Doppler radar techniques for detecting the formation and following the tracks of tornadoes.
Particularly significant has been the work at the National
Severe Storms Laboratory showing that Doppler radar generally detects vortices aloft some tens of minutes before
tornado funnels are observed at the ground. By means of
simultaneous observations with two or three Doppler radars
it is possible to obtain three-dimensional air motions in
violent storms. An aggressive research program is recommended.
1. Introduction

Since it is impossible to predict in advance the exact
location and time of the occurrence of violent thunderstorms and tornadoes, it is essential that we have techniques to detect them as soon as they develop. Such a
goal appears to be well within the reach of available
technology. There is hope that it will be possible from
observations of the properties of those thunderstorms
having tornado potential to detect incipient tornadoes
before funnels reach the ground, where they pose serious
threats to life and property.
2. Tornado predictions

Earlier speakers in this seminar, particularly Allen Pearson, have noted the problems involved in tornado prediction. An inadequate understanding of the nature
of tornadoes and of the processes of development and
dissipation certainly contributes to the difficulties. Even
if we knew much more about severe thunderstorms and
the sequence of events leading to tornado occurrence,
the spacing of observations in distance and time would
put limits on tornado forecasting. The rawinsonde stations used to observe the temperature, humidity, and
wind structure of the atmosphere are separated by
several hundred kilometers and usually take observations
only twice a day. It is not surprising that these observations lead to forecasts that can do no better than
indicate a chance for tornado development over areas
of perhaps 65 000 km .
Rawinsonde measurements at shorter time intervals,
and at more stations, should help to reduce the size of
the predicted area of violent weather.
Notwithstanding their limitations, the existing forecasts are of great value because they focus attention on
i Research supported in part by the Atmospheric Sciences
Section, National Science Foundation, Grant DES 73-06558A01.
2

those regions of greatest vulnerability. T o locate tornadoes more precisely, it is necessary to use radar, visual
observations, weather satellites, or radio receivers, which
detect the radio signals emitted by the storms.
3. Visual observations

Individuals who are unfamiliar with tornadoes are often
surprised to learn that even in these years of space exploration, most tornadoes are detected visually by
ordinary citizens who spot the funnels and notify local
officials. On some occasions the people who observe the
storms do not have a chance to notify anyone because
they are trying to save themselves and their families.
At other times, telephone lines are down and communication is impossible. It should not be necessary to
rely on visual observations to verify the occurrence and
the location of storms as devastating as tornadoes.
4. Observations from satellites

It has been proposed by T. T. Fujita that satellite observations of the behavior of thunderstorms can indicate
regions where violent weather can be expected. We can
anticipate that as the spatial and time resolution of
satellite cloud observations improves, and more detailed
measurements become available, they will play an important role in the location and monitoring of regions
of hazardous weather. In the years to come, specialized
radar carried on satellites should play a part in the
identification of violent weather.
Research on the use of satellites for the observation of
severe local storms and for the communication of forecasts and warning deserves generous support.
5. Sferics

Everyone is familiar with the fact that electrical discharges, particularly in the form of lightning, cause the
emission of radio waves, which take the form of static
on radio receivers. They used to be called "atmospherics," which over the years, has been contracted and
transformed to become "sferics."
In about 1951, Herbert L. Jones, at Oklahoma State
University, proposed that the sferics from tornadic
storms were identifiably different from those produced
by thunderstorms, even intense ones. Various groups
have investigated the feasibility of employing sferics signals to discriminate between tornadoes and thunderstorms. A few years ago, Newton Weller proposed that a
television receiver could be used to observe the presence of an active source of radiowave emission at television frequencies (about 200 MHz).
More recently, William L. Taylor of the NOAA Wave
Propagation Laboratory has been testing a new sferics
system for tornado detection.
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FIG. 1. Series of radar scope photographs showing protruding hook-shaped echo associated
with the tornado in Illinois on 9 April 1953. The range markers are at 10 mi intervals, and
time (in hours and minutes) is shown under each photograph. From Stout and Huff (1953).
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At this time it can be said that, although appropriate
sferics receivers can identify some tornadoes, this technique can not detect all of them. Some tornadoes,
especially the small, short-lived ones, do not have electrical properties distinctly different from nontornadic
thunderstorms.
6. Conventional radar

Since World War II, radar has been used to observe the
location, size, movement, and intensity of thunderstorms.
It has been employed extensively in research and dayto-day weather operations. A network of radars throughout the United States monitors the formation and behavior of thunderstorms and other storms.
A conventional radar of the type used by the Weather
Services detects the presence of water drops and ice
particles. In general, the greater the size and concentration of the precipitation drops, the more intense the
radar echo. It has been found that long-lasting thunderstorms extending to great altitudes and producing intense echoes are likely to have associated violent weather,
for example, hail and tornadoes. When a weather forecaster observes such thunderstorm echoes moving across
a region within which tornadoes have been predicted, he
can localize the areas where tornadoes are most likely to
occur.
Since a conventional radar can not specifically identify
a tornado, it is necessary to use characteristics of the
echoes to infer the presence of a tornado. When a very
intense echo is observed in an area where tornadoes
are expected, it may be inferred that a violent storm is
present or is shortly to form. If at all possible, attempts
are made via radio or telephone to obtain visual observations from state police or other individuals in the
vicinity.
Occasionally the shape of a radar echo is a good indication of the presence of, or the impending formation
of, tornadoes. T h e most reliable such indicator is a hookshaped echo extending from a large thunderstorm echo
(Fig. 1). Unfortunately, such distinctive indicators do
not occur often enough. Most of the time, the shape of
the echo is of little value in identifying tornadoes.
One of the greatest values of radar is to track a
tornado-producing thunderstorm. As already noted by
earlier speakers, some traveling storms produce a series
of funnels. Once the "mother storm" is identified, it
can be followed, and people in its path given warnings
of its approach, perhaps an hour or two in advance of
the arrival of the storm.
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been discussed for more than two decades, but only in
recent years has it been pursued with vigor.
Before examining some promising advances, it may be
in order to note some limiting characteristics of Doppler
radar. One problem has to do with the fact that the
higher the speed one wishes to measure, the smaller the
distance over which the measurement can be made. Fortunately, this difficulty is no longer regarded as a serious
limitation. If we used a radar operating at the reasonable

7. Doppler radar

A Doppler radar is one that can measure the same
quantities as a conventional radar but in addition can
measure the speed of the targets (e.g., raindrops) toward
or away from the radar. Since one of the most characteristic features of a tornado is the high wind speeds, it
seems reasonable to expect that a Doppler radar would
be suited ideally for tornado detection. Such an idea has

FIG. 2. Detection of the Union City Tornado of 24 May
1973 by means of the plan shear indicator on a Doppler
radar operated by the NSSL. (Top) Photograph taken at
1523 CST at an elevation angle of 49°; (middle) taken at
1534 CST, elevation angle, 1.9°; and (bottom) taken at 1555
CST, elevation angle, 0.2°. The vortex is indicated by the
deviations at the normally circular arcs. The tornado touched
the ground at about 1538 CST. From Donaldson (1975).
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FIG. 3. Profiles of radar echo intensity at 10 dB intervals (left) and of Doppler velocities ranging
from less than 1 3 to more than 2 1 m/s (right). From Sirmans et al. ( 1 9 7 4 ) .
wavelength of 10 cm and wanted to measure speeds up
to 50 m/s, the maximum range of detection would be
about 75 km. This might be doubled by means of various changes in radar design. Even in such a circumstance,
a great many radar sets would be needed to keep
under surveillance the entire tornado-prone region of
the United States. On the other hand, the population
centers, and therefore most of the people, could be
covered with a reasonable number of radars.
T h e development of a Doppler radar for operational
tornado detection has been retarded by the difficulties involved in the processing of the radar data and the display of the relevant information quickly and in an easily
interpretable fashion. A weather forecaster wants to
know, as soon as possible, the precise location of highvelocity vortices, particularly those that might be tornado funnels. Fortunately, impressive progress has been
made in this area of investigation over the last few
years.
In 1969, G. M. Armstrong and Ralph J. Donaldson,
Jr., at the Air Force Cambridge Research Laboratories,
developed a "plan-shear indicator" for real time Dopier indication of vortices. Although it does not give precise values of wind velocities, this scheme does make it
possible to locate quickly regions within a thunderstorm
echo where circular motions exist (Fig. 2).
Over the last couple of years the advances in Doppler
data reduction and display have been truly impressive.
Engineers at the Raytheon Company have been in the
forefront of these developments. Dale Sirmans, R. J.
Doviak, and their colleagues at the National Severe
Storms Laboratory (NSSL) have devised techniques that
in real time, measure and display profiles of echo intensity and Doppler velocity (Fig. 3). Roger Lhermitte
at the University of Miami and R. Serafin, R. E. Rinehart, Grant Gray, and associates at the National Center
for Atmospheric Research have worked on similar techniques and adapted color display methods for the
presentation of Doppler velocity patterns.

In 1975, NSSL scientists (Donald W. Burgess and
others) reported detailed observations of Doppler winds
in a region of a tornado. They observed very strong
wind shears. For example, at an altitude of 3.5 km, it
was observed that over distances of about 900 m the
wind changed from 36 m/s away from the radar to 21
m/s toward the radar (Fig. 4). It is important to note
that the radar detected this strong vortex aloft at middle levels of the storm about 23 min before an associated
tornado touched the ground. Subsequent research has
shown that vortices generally are detected aloft before
tornadoes are observed at the ground.
As has been shown by Roger Lhermitte and various
other scientists, if two or more Doppler radars are employed to observe the same storm, it becomes possible to
obtain three-dimensional air flow patterns (see Fig. 5).
Clearly, there are problems in adapting multi-radar
methods for operational use, but they are not insurmountable and need to be pursued.
These results clearly indicate that an appropriately
designed Doppler radar would be of great value in the
location of tornadoes in the atmosphere. High priority
must be given to the design and development of such
a radar.
8. Dissemination of warnings

Techniques for the accurate location of severe local
storms are of little value unless there are effective procedures for disseminating warnings to the people being
threatened by the storms. T h e present "tornado watch,"
a forecast issued some hours before storms are expected,
may cover an area of about 65 000 km that encompasses
large numbers of people, only a small fraction of whom
are likely to be affected even if tornadoes do occur.
Many people are kept in a state of anxiety and fear. In
some cases, too many "watch" forecasts, not followed by
tornadoes, lead to complacence.
2
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When a tornado is observed, the National Weather
Service (NWS) issues a "tornado warning." In this case
the time available for broadcasting effective warnings is
short, and reaction times by citizens must be very fast.
A Panel on Severe Storms of the National Academy of
Sciences is currently considering the wisdom of having
a "tornado alert" issued at an intermediate time between the "watch" and the "warning." It would serve
to refine and make more precise the earlier message and
give more notice than the warning message.
Specific techniques for disseminating forecasts need to
be reexamined in terms of their effectiveness in actual
practice. Most reliability is placed on radio and television, but power outages often render these media ineffective. Alternative procedures must be investigated
by communication experts.
9. Summary

FIG. 4. Pattern of Doppler velocity (in meters per second),
observed at an altitude of 3.5 km at 1546 CST in the vicinity
of the Union City Tornado of 24 May 1973. Positive values
indicate motion away from the radar. The tornado position
coincides with the small stipled region of strong wind shear.
From Burgess et al. (1975).

In summary it seems clear that to mitigate the hazards
of severe thunderstorms, particularly tornadoes, it is
necessary to develop and use more effective remote sensing techniques. It is particularly important to pursue
aggressively the following observation techniques and
communications problems:
1) It is necessary to design, construct, and test a
Doppler radar for the detection of tornadoes. T h e
goal should be a radar that can be used operationally by the NWS.
2) There should be expanded research on the use of
multi-Doppler radar systems for the observation of
severe thunderstorms and the hazardous weather
they produce.
3) There should be an enlarged program of research
on the utilization of weather satellites for the detection of violent weather and as a communication
link for broadcasting severe storm forecasts.
4) Communication experts, working with meteorologists, should seek more effective procedures than
those now in use for disseminating tornado forecasts to the public.
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