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PREFACE 

During the summer of 1973, the Committee on Atmospheric 
Sciences established two panels to look into the problems 
of the short-range prediction of general weather and vio­
lent storms. The Committee had earlier identified in its 
report, The Atmospheric Sciences and Man's Needs: Pri­
orities for the Future (National Academy of Sciences, 
Washington, D.C. , 1971), that activities in the atmospher­
ic sciences addressed to weather dangers and disasters 
should have as a major objective the substantial reduction 
of " •• • human casualties, economic losses, and social dis­
locations caused by weather." Severe weather, however, 
covers a number of phenomena that have a wide range of 
time and space scales, namely, pollution episodes, bliz­
zards, hurricanes, and severe drought and floods. In 
light of the general distribution of frequency of damage 
and loss.of life inflicted throughout the United States, 
and to present to the panels problems of a specific and 
more manageable scope, their attention was directed to 
those severe weather phenomena of a convective origin that 
generally strike the heart of the nation, namely the 
thunderstorm and its many allied phenomena--wind, hail, 
flash floods, lightning, and tornadoes. 

The Panel on Short-Range Prediction was to concentrate 
on needs, problems, and techniques related to the develop­
ment of an improved capability to predict important weath­
er variables over time periods up to 12 hours in advance, 
with particular attention to the use of modern computer 
techniques. The Panel on Severe Storms was to concentrate 
on the observational problems of detecting and tracking 
violent storms and the communication problems of providing 
~equate warnings. 

Although the initial meetings of these two panels were 
held independent of each other, apropos their separate 
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and distinct charges, the many overlapping interests of 
the two panels resulted in several of their meetings being 
held jointly at locations where activities of immediate 
relevance to both panels were being conducted. 

As a consequence, the two panels, separately or to­
gether, visited such centers as the National Severe Storms 
Forecast Center, Kansas City, Missouri; the National Se­
vere Storms Laboratory, Norman, Oklahoma; the Techniques 
Development Laboratory and the Integrated Systems Labora­
tory of the National Weather Service, Washington, D.C.; 
the National Environmental Satellite Service, Suitland, 
Maryland; the Space Science and Engineering Center at the 
University of Wisconsin, Madison, Wisconsin; the Global 
Weather Central of the U.S. Air Force, Omaha, Nebraska; 
and the Environmental Research Laboratories, Boulder, 
Colorado; where attention was devoted primarily to recent 
developments in remote sensing by infrared, radar, and 
acoustic techniques, and to the role of the proposed 
SESAME Project in providing information needed for the 
improvement of skill in short-range predictions. In addi­
tion, some of the work in this field in progress at the 
National Center for Atmospheric Research was reviewed by 
both panels. 

Subsequently, the two panels organized and drafted the 
reports, which, because of their relevance to the general 
problem of severe storms, are presented here as Parts I 
and II of a single document. 

Cecil E. Leith, Jr., Chairman 
Panel on Short-Range Prediction 

C. Gordon Little, Chairman 
Panel on Severe Storms 
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I 
Report of the 
Panel on 
Short-Range 
Prediction 
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1 SHORT-RANGE PREDICTION OF LARGE 
MESOSCALE FORCING OF SEVERE STORMS 

Early in its deliberations, the Panel on Short-Range 
Prediction considered a wide variety of short-range pre­
diction problems covering such diverse kinds of forecasts 
as airport visibility, damaging frost, flash floods, 
weather conditions for planting and harvesting, wind 
storms, and thunderstorms. The Panel recognized that 
there was a similarly wide range in the methods used for 
the prediction of these different phenomena. To make its 
task manageable, the Panel agreed to limit it to consid­
eration of the prediction of the large mesoscale develop­
ments that apparently control the outbreak of the severe 
convective storms, such as those of April 3-4, 1974, that 
have spawned hundreds of tornadqes throughout the central 
United States (see map inside back cover). This limita­
tion in the task of the Panel complemented in a natural 
way the task of the Panel on Severe Storms, which was to 
concentrate on the observational problems of detecting 
and tracking severe storms and on the communication prob­
lems of providing adequate warning. 

In examining examples of severe convective storm out­
breaks, it is clear that, although individual convective 
elements are far too small to be resolved in the present 
observing and computing grids, the large mesoscale region 
within which such storms occur is hundreds of kilometers 
in size. and is near the present limit of resolution of 
the continental radiosonde network and of numerical pre­
diction models. Therefore, the most important immediate 
objectives contributing to the improved prediction of 
severe storms would seem to be (1) better detection and 
tracking of convective activity, (2) development of better 
statistical relationships between convective storms and 
the large mesoscale disturbances that produce them, and 
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(3) an improvement in the dynamical prediction of these 
large mesoscale disturbances. 

The first of these objectives is a concern of the 
Panel on Severe Storms; the Panel on Short-Range Predic­
tion has concentrated its attention on the second and 
third objectives in arriving at its recommendations for 
a combined numerical and observational program. 

As a starting point for discussion of the third ob­
jective, Chapter 2 presents a summary of the accomplish­
ments and problems in numerical weather prediction. Of 
particular interest is the question of the relative im­
portance of analysis errors and various kinds of model 
errors, especially those that arise from inadequate model 
resolution. Chapter 3 deals with the statistical re­
gression methods that are currently being used to predict 
local weather events and that provide a basis for the 
discussion of the second objective. 

Within the constraints of available computing power, 
the increased resolution required for the third objective 
must be obtained with regional numerical models. The 
design of such models is discussed in Chapter 4, with 
some comments on predictability of smal~er scales of 
motion, the parameterization of unresolved influences, and 
the treatment of the planetary boundary layer. 

The data requirements for short-range prediction are 
discussed in Chapter 5. These are divided into the re­
quirements for immediate improvement in short-range pre­
diction of mesoscale convective systems and the data 
requirements for research. The research requirements 
lead to discussion of a suggested experiment, which is, 
in fact, a component of the SESAME Project presently 
being planned by the National Oceanic and Atmospheric 
Administration (NOAA) and the university research com­
munity. 

The final chapter is a summary of the aspects of short­
range prediction that the Panel regards as important and 
a listing of the Panel's recommendations. 
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2 NUMERICAL WEATHER PREDICTION 

The major weather services throughout the world base 
their forecasts on numerical weather-prediction models 
that simulate as accurately as possible the dynamical and 
physical processes that govern the evolution of the 
larger-scale motions of the atmosphere. Recent develop­
ments in numerical weather prediction have been surveyed 
by Leith (1975) and by Haltiner and Williams (1975). 

The speed of presently available computers imposes a 
practical limit on the resolution of numerical models. A 
gridpoint model of the northern hemisphere, for example, 
is limited to a definition of variables on about five 
vertical levels and at horizontal gridpoints separated 
by about five vertical levels and at horizontal gridpoints 
separated by about 400 km in order that a three-day fore­
cast can be computed in about an hour. The horizontal 
resolution can be increased by reducing the geographical 
area covered in limited-area models, although boundary 
errors then tend to destroy forecast skill in about two 
days. 

The initial atmospheric state for a forecast model 
calculation is provided by an analysis and interpolation 
procedure that converts the measured values of tempera­
ture, pressure, moisture, and wind observed at a partic­
ular synoptic time at irregularly distributed locations 
into numerical values of variables at the regular grid­
points of the model. A combination of observing instru­
ment errors, fluctuations of atmospheric variables on a 
spatial scale too small to be resoived, and interpolation 
errors leads inevitably to some ~certainty in the proper 
determination of the initial state. We shall refer to 
this uncertainty as the analysis error. 

There have been many studies in recent years of the 
theoretical limit to the predictability of the atmosphere 

5 
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imposed by the initial analysis error. These show that, 
even for a model providing a perfect simulation of the 
atmosphere, the atmospheric dynamics would cause error 
to grow with a root-mean-square error doubling time of 
about 2.5 days or a mean-square error doubling time of 
1.25 days. This effect alone for typical present initial 
analysis errors would provide a theoretical limit of a 
week or so to the range of skillful forecasts . Actual 
forecasts presently have a skillful range of about three 
days; the discrepancy arises presumably from remaining 
imperfections in the present numerical weather-prediction 
models. The first objective of the Global Atmospheric 
Research Program (GARP) being pursued at many research 
centers around the world is the identification and cor­
rection of analysis and model errors in order that the 
skillful range of forecasts may be extended. 

Quantitative error budgets are most naturally computed 
in terms of mean-square error for which independent con­
tributions are additive. A crude budget of the relative 
contribution of analysis errors and model errors can be 
based on an approximate differential equation for error 
growth: 

. 
E aE + S, (1) 

where E is the mean-square error, a = 0.55 day-1 is an 
error growth rate parameter that characterizes perfect 
model behavior, and S is an error source rate arising 
from model imperfections. Integration of Eq. (1) taking 
into account an analysis error Eo of the initial and 
verification analyses leads to the equation 

at 
Ef(t) = E(t) + Eo = 2Eo + (Eo + S/a) (e - 1) (2) 

for the perceived mean-square error as a function of the 
forecast period t. 

Equation (2) can be fitted to the observed error of 
operational forecasts of the northern hemisphere 500-mbar 
geopotential height field for forecast periods up to two 
days with the choice of parameters Eo = 200 m2 and s = 
800 m2/day. The corresponding error source is S = 3000 
m2/day for persistence forecasts in which it is assumed 
that no change occurs and therefore no model is used. In 
Table 1 are listed the root-mean-square geopotential 
height errors computed from Eq. (2) for several real and 
hypothetical forecast procedures. It is clear from the 
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TABLE 1 Forecast Error of the 500-mbar Height Field Computed from Eq. 
a = 0.55 day-l 

(2) for 

E~ (m) 
~ 

Eo (m2) S (m2/day) 

Computed rms Error Ef (m) 

Forecast Method 0 Day ~ Da:L 1 Da:L 1~ Da:L 2 Da:L 

..,J Persistence 200 3000 14.1 46.8 67.4 87.5 108.3 

Operational 200 800 14.1 30.4 40.2 50.2 61.0 

Perfect model 200 0 14.1 21.5 23.4 25.6 28.3 

Perfect analysis 0 800 0 21.5 32.7 43.2 54.0 
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table that model errors impose a severe limit on the 
range of forecast skill, but that analysis errors make 
an important contribution to forecast errors for the first 
half-day. 

Although root-mean-square errors in prediction of the 
500-mbar geopotential height field are commonly used as a 
measure of forecast skill, a measure that weights small­
scale motions more heavily and is perhaps more closely 
related to important weather events is the root-mean­
square vector velocity error. When Eq. (2) is fitted to 
velocity error variance it is found that Eo = 15 (m/sec) 2 
and S = 15 (m/sec) 2 day-1. The dimensionless ratio 
Eo/(S/a), which measures the relative asymptotic impor­
tance of analysis and model errors, is thus about 0.55 for 
velocity variance, whereas it is about 0.14 for geopoten­
tial height errors. Velocity forecast accuracy is four 
times more sensitive to analysis errors relative to model 
errors than is geopotential height forecast accuracy. 
This difference arises from the two facts that analysis is 
relatively poorer for velocity and that relatively large 
model errors in planetary scales are more important for 
height forecasts. 

The numerical weather-prediction models in common use 
are based on the so-called primitive equations, which are 
general enough to describe rapidly moving gravity-wave 
modes. Although such modes probably do occur in the at­
mosphere, they do not have amplitudes as large as those 
induced by analysis errors. The nonlinear nature of the 
dynamical equations has made it difficult to identify and 
to remove erroneous gravity-wave modes in the initial 
analysis, and these produce unrealistic starting tran­
sient oscillations, which are normally damped out during 
the first day of the forecast. These initial errors, 
which arise from a partial incompatibility of the analysis 
procedure and the model, are not taken into account in the 
simple error budget of Eq. (1), but ~ey can be particu­
larly important for forecasts up to 12 hours. 

Another effect not taken into account in Eqs. (1) and 
(2) is the nonlinear bound on error growth, which limits 
E to a value determined by the natural climatic variance. 
Equation (2) should therefore not be used for forecast 
period~ beyond about 2 days. 

A key problem at the present stage of development of 
numerical weather-prediction models is the identification 
of the kinds of error that are contributing to the model 
error source rate S. These may be either numerical errors 
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introduced by the finite numerical approximations to the 
continuous dynamical equations or physical errors in which 
the dynamical equations themselves are incomplete or in­
correct in describing atmospheric behavior. Although the 
distinction between these two kinds of error source can­
not be made precise, they seem to be of comparable im­
portance in present models. 

Among numerical errors, those arising from limited 
horizontal resolution seem to be dominant. In second­
order gridpoint models with grid interval 6x one finds 
that advected waves of wavelength A and wavenumber k = 
2n/A are erroneously slowed down by a factor [1 - (k6x) 2/6] 
(Grotjahn and O'Brien, 1976). The resulting numerical 
dispersion leads to erroneous group velocities for wave 
energy transfer and to the erroneous breaking up of local­
ized structures. This numerical dispersion error is ame­
liorated in fourth-order gridpoint models and removed 
entirely in spectral models in which horizontal fields are 
represented by an expansion in surface spherical harmonic 
functions. 

Although spectral models are free of linear dispersion 
errors, there remain nonlinear errors arising from trun­
cation. These have been studied by Puri and Bourke (1974), 
who analyzed the separation of solutions of barotropic 
spectral models differing only in truncation . From their 
experiments, one can estimate that horizontal truncation 
errors provide an error source rate of S = 150 m2/day in 
a simple barotropic model with a truncation at wavenumber 
J = 30 corresponding roughly to a 200-km grid interval. 
Their experiments with differing resolutions suggest that 
this contribution to S is proportional to J-2, as expected 
from simple scaling arguments for truncation in a -3 power 
range of the energy spectrum (Meriless, 1977). Their re­
sults suggest, therefore, that the horizontal truncation 
errors of present models with a 400-km grid interval can 
be making an important contribution to the observed error 
source rate and that an increase in resolution by a factor 
of 2 is needed before other error source mechanisms can be 
easily identified. 

As has already been pointed out, a factor of 2 increase 
in horizontal resolution is available at a given computing 
power by the use of limited-area fine-mesh models (LFM). 
Although boundary errors penetrate the limited area used, 
the LFM models are useful for forecast periods up to a 
day or so and can provide a basis for identifying other 
general model error sources. Use of evolving boundary 

Copyright © National Academy of Sciences. All rights reserved.

Severe Storms:  Prediction, Detection, and Warning
http://www.nap.edu/catalog.php?record_id=19936

http://www.nap.edu/catalog.php?record_id=19936


10 

values obtained from a coarse-mesh hemispheric model, run 
12 hours earlier, has recently increased the skillful 
range of the National Weather Service's LFM model to 48 
hours. The introduction at the National Meteorological 
Center (NMC) of the very fine-mesh (VFM) model with a 
further factor of 2 increase in horizontal resolution over 
that of the LFM model is, of course, a step in the right 
direction. (See Recommendation I.l.) 
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3 STATISTICAL METHODS 

Many weather variables of practical interest such as 
daily maximum temperature in a city or visibility at an 
airport are not computed explicitly in a numerical weather­
prediction model, and those variables that are computed 
explicitly may be subject to systematic errors. To the 
extent, however, that weather variables are found to be 
significantly correlated with certain model variables, 
classical statistical linear regression provides an objec­
tive method by which weather variables may be predicted 
using computed forecast model variables as predictors. A 
recent survey of the application of such model output sta­
tistics (MOS) methods to the forecasting of local weather 
has been provided by Klein and Glahn (1974). 

General linear regression provides an estimate g of a 
..... . . . column ve~or y of pred1ctand ~omal1es as a l1near func-

tion 9 = Rx of a col~ vector x of predictor anomalies. 
The regression matrix R is determined by the requirement 
that the component~ of the unpredictable..,..residual (y - g) 
are uncorrelated w1th the components of x so that 

and thus that 

..... ..... 
H~re x ~nd y being anomalies their ensemble means vanish, 
~x) = (y) = 0; an asteris!4indicateL. a transpose so that 
x* is a row vector; and $Jtx*) and (xx*) are covariance 
matrices of which only(xx*) need be square. 

In p~actice, the infinite ensemble averages indicated 
by the brackets ( ) are not known but must be estimated 

11 
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from a finite sample of many cases of which N, say, are 
effectively independent. Theoretical analysis of the ef­
fect of sampling errors on the utility of a regression 
equation is still incomplete, but it indicates that sampl­
ing errors increase the fractional variance of estimation 
of a predictand by an amount (k + 1)/N, where k is the 
number of predictors used. Thus unless a particular pre­
dictor leads to a real incremental reduction in fractional 
variance by an amount 1/N, it is not worth using. For me­
teorological time series an effectively independent sample 
occurs about once every three to eight days, depending on 
geographical location (Madden, 1976). 

The regression equations for MOS methods are developed 
from a data base of as many past forecasts as are available 
for a particular numerical model. Sampling errors associ­
ated with such a finite data base seem to limit the number 
of significant predictors for each predictand to be of or­
der ten, and stepwise screening procedures have been de­
veloped to select a significant group of predictors. In 
this screening process, model output predictors must com­
pete with other potential predictors taken from any ob­
servations available before the time that the forecast is 
made. It is important to note that the regression equa­
tions provide automatically for at least a partial cor­
rection of those systematic model errors that have been 
revealed empirically in the available past forecasts. 

An important aspect of regression methods is that they 
can provide forecast information in probabilistic terms. 
Thus forecasts can be given of a best estimate of a me­
teorological variable together with an associated measure 
of uncertainly such as the standard or root-mean-square 
error of the estimate, or they can be given in terms of 
the probability of occurrence of various weather events. 
It is this kind of probabilistic information that is of 
value as input to the decision-making process of users who 
wish to maximize their expected gain or to minimize thei~ 
expected loss. 

A number of combined dynamical and statistical methods 
are currently being used by the National Weather Service 
in the operational forecasts of severe weather up to 24 
hours in advance. These utilize a number of different 
numerical models and choices of predictors. 

Forecasters have traditionally associated the occurrence 
of severe weather with moist hydrostatic instability of the 
atmosphere, and numerical indices quantifying potential in­
stability are natural choices as predictors. The various 
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indices that have been used operationally have been sum­
marized by Alaka et al. (1973). Among these are the Sho­
walter (1953) index, which was supplanted in 1969 by the 
lifted index (Galway, 1956; Stackpole, 1967), the K-index 
(George et al., 1960), the Alaka-Reap index (Reap and 
Alaka, 1969), the tornado likelihood index (Willis, 1969), 
and the total totals and sweat indices (Miller, 1972). A 
new predictor is suggested by the work of Darkow and Liv­
ingston (1975), who have shown that the small-scale varia­
tion in the surface static energy field may also bear a 
relationship to the location and timing of severe storm 
activity. 

Operational forecasting procedures developed in the 
Techniques Development Laboratory (TDL) of the National 
Weather Service combine several of these indices with pre­
dictors taken from three operational numerical prediction 
models, namely, the primitive equation (PE) model (Shuman 
and Hovermale, 1968), the limited-area fine-mesh (LFM) 
model (Howcraft, 1971), and the trajectory (TJ) model 
(Reap, 1972). The MOS procedure uses a linear regression 
prediction equation based on a screening, selection, and 
weighting of the best of these available predictors (Reap, 
1974; Reap and Foster, 1975). 

At present, such 24-hour forecasts, which give proba­
bilities of thunderstorms and conditional probabilities 
of severe thunderstorms, are produced at the NMC in Wash­
ington, D.C., and transmitted once daily to the National 
Severe Storms Forecast Center (NSSFC) in Kansas City. A 
typical forecast is shown in Figure 1. 

Another procedure, developed by Miller and David (1971) 
and David (1973) at NSSFC, uses multiple screening re­
gression to derive equations for forecasting severe weather 
up to 30 hours in advance. The predictors in this case are 
synoptic rawinsonde and surface observations at the initial 
time and forecast values taken from the PE model. 

On a smaller scale, Charba (1974, 1975) has used multi­
ple screening regression to develop an objective method 
that yields forecasts of severe weather from two to six 
hours in advance in square areas 150 km on a side. In the 
most recent version of the method, predictors are derived 
frqm observed surface atmospheric variables, manually dig­
itized radar data, local climatic frequencies of severe 
weather, and basic variables as predicted by the LFM model. 
Predictor quantities computed from these data are appropri­
ately positioned relative to the predictand areas and are 
"linearized" to enhance their correlations with the pre­
dictand. 
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FIGURE 1 Computer-drawn map of thunderstorm probability (solid) and con­
ditional probability of tornadoes, large hail, or damaging winds (dashed). 
The probabilities are valid for each manually digitized radar (MDR) block 
during the 21-27 hour interval following 0000 GMT initial time or ± 3 hours 
from 0000 GMT the next day. Observed tornadoes, '; hail, e; and damaging 
winds, • • 
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FIGURE 2 Two- to six-hour probability of severe weather. 
The severe weather reports plotted are valid for the fore­
cast period. The symbols are,, tornado; •, hail~3/4-in. 
diameter; and •, damaging surface wind gusts. 

During the spring and summer of 1974, experimental fore­
casts valid for 17-21 CST, produced by this scheme, were 
transmitted from NMC to NSSFC. In 1975, forecasts were 
transmitted three times daily; these were valid at 11-15 
CST, 14-18 CST, and 17-21 CST. The sample forecast shown 
in Figure 2 is for the extensive tornado outbreak of April 
3, 1974. In 1976, forecasts were prepared by an improved 
scheme based on predictors obtained from manually digitized 
radar reports, LFM forecasts, and objectively analyzed sur­
face data. (See Recommendation I.2.) 
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~ REGIONAL FORECASTING MODELS 

The special concern of this report is the more accurate 
prediction of small-scale weather events for a forecast 
period out to 12 hours. To this end, it is natural to 
consider the benefits of numerical models with increased 
horizontal resolution. The general benefit of resolution 
in providing increased accuracy on all scales has been 
described already, but there is also the special benefit 
in being able to resolve smaller scales of motion that 
are expected to be more highly correlated with events of 
interest. The benefit can be measured by the greater 
value of the predictors provided by the model to the re­
gression process leading specifically to more sharply de­
fined probabilities of occurrence of small-scale events. 

For this improved skill to be realized, it is necessary, 
of course, that the finer resolution regional models de­
scribe the detailed behavior of the atmosphere more accu­
rately. As with coarser models, this capability depends 
on the accuracy of the observation and analysis of the 
initial state and on the accuracy of the model in simu­
lating the behavior of the atmosphere. 

The relative importance of an accurate initial analysis 
depends on the characteristic lifetimes of smaller-scale 
structures in the atmosphere. According to theoretical 
scaling arguments based on a -3 power energy spectrum and 
on direct observations, the characteristic lifetime of 
disturbances in a Lagrangian sense is of the order of a 
day and is not strongly scale-dependent for scales down 
to about 50 km. At a fixed observing station or model 
gridpoint, however, the Eulerian lifetime of a disturbance 
is determined by advection processes and is shorter in 
proportion to its scale. For short-range prediction mod­
els, the principal requirement is for the advection and 
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propagation of disturbances to be computed with an accu­
racy that matches that with which they can be observed. 

There is some evidence from the studies of the sensi­
tivity of forecasting skill to model resolution (Puri and 
Bourke, 1974) that the nonlinear coupling between differ­
ent scales of motion can lead in the course of a model 
forecast to more skill in the description of small-scale 
details that was present in the initial analysis. This 
may be especially true if known small-scale surface in­
fluences such as orography, albedo, and surface roughness 
are properly modeled. 

Most of the physical processes included in the finer 
resolution regional models are scaled-down versions of 
those included in the coarser planetary scale models. 
These include orographic and boundary-layer effects, con­
densation and precipitation processes, and radiative heat­
ing and cooling. Experiments with regional models show 
that details of cumulus convective precipitation are par­
ticularly important. Many other model forecast sensitivity 
experiments will be required to determine the relative im­
portance of these various processes to the skill of short­
range forecasts. 

Among the special problems of regional models is that 
of proper initialization. Erroneous gravity-wave modes 
with associated vertical motion can trigger erroneous 
convective-scale disturbances. This is an especially 
delicate problem, since there is some evidence that real 
gravity-wave modes may do just that, and one must try to 
remove a false effect without removing a real one . 

Another special problem of regional models is that of 
embedding them in a larger-scale flow. This has been done 
by choosing boundary values for a regional model from a 
concurrent forecast carried out with a coarser model. 
Some mathematical and numerical problems remain in the 
proper specification of such boundary conditions. It is· 
theoretically desirable to permit the regional model re­
sults to influence, in turn, the coarser model, and such 
two-way interaction schemes are being investigated. Al­
though spectral models permit in many ways a more natural 
separation of scales, little work has been done on the 
problem of embedding a regional spectral model into one 
treating larger scales. (See Recommendation I.3.) 

PARAMETERIZATION AND EMPIRICAL CORRECTION 

In addition to the explicitly computed variables in an 
atmospheric model, the real atmosphere is influenced by 
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many subgrid-scale variables that describe scales of motion 
or physical processes that are too small to be resolved. 
Even the explicit variables may be influencing the atmo­
sphere through processes that are not properly described 
in the model. A central problem in model development has 
been the devising of parameterization procedures to esti­
mate the average influence of hidden variable and pro­
cesses on the evolution of the explicitly computed variables. 
Most efforts to solve this problem have examined separately 
different physical processes such as convection, boundary­
layer turbulence, or radiative heat transfer. An alternate 
approach is to seek an empirically determined modification 
of the dynamical equations of the model in order to account 
for all the hidden effects that are causing model forecast 
errors. 

The first-order modification involves the addition of 
forcing terms to the model dynamical equations in order to 
counteract any tendency for the mean field of an ensemble 
of forecasts to drift away from the observed climate mean 
field. Such forcing terms preserve the first moment prop­
erties of the atmosphere in the forecast model and can be 
interpreted as a parameterization of the many fixed or 
slowly changing surface-forcing influences that determine 
the mean climate. In this way, for example, the surface 
temperature averaged over many forecasts would reproduce 
the observed mean diurnal temperature cycle. 

The second-order modification involves the addition of 
terms linear in the model variables, which are the re­
gression estimates of the discrepancies between the ob­
served and computed rates of change. Such linear terms 
can be shown theoretically to preserve in the forecast 
model the zero-time-lag second-moment properties of the 
atmosphere such as the distribution of variance over dif­
ferent scales. They can be interpreted as the best empir­
ical linear fit to the parameterization of hidden effects 
in terms of model variables. The practical determination 
of a second-order modification is subject to the sampling 
error limitations of any regression estimate that were 
described in Chapter 3. It is necessary to find by a 
judicious screening process the few most significant pre­
dictors for each predictand, and it is not yet clear how 
effectively this can be done for existing forecasting 
models. It seems likely, however, that since correlations 
are local the choice of predictors will be more effective 
in a gridpoint rather than in a spectral representation 
of model variables. Higher-order modification is prob­
ably not feasible with Rresent models, but it is not so 
important for short-range as for extended-range forecasts. 
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BOUNDARY-LAYER MODELS 

Processes in the planetary boundary layer are known to 
have an important effect on the occurrence and severity of 
convective storms. And, of course, the values of meteo­
rological variables in the boundary layer are those that 
affect the most people. The planetary boundary layer is 
characterized by its turbulent behavior, which is produced 
by thermal convection and mechanical shearing processes. 
It undergoes the most pronounced diurnal variation of any 
region of the lower atmosphere. 

The special problems of devising numerical models of 
the planetary boundary layer include the detailed balanc­
ing of solar and terrestrial radiative heating and cooling 
effects;· the estimation of the divergence of vertical tur­
bulent fluxes of heat, moisture, and momentum; and the 
proper specification of large-scale forcing influences. 
Much progress has been made in recent years in the develop­
ment of such models that have succeeded in simulating the 
diurnal change in boundary-layer properties in agreement 
with data from a number of experiments carried out in 
selected areas. 

The most complex of the boundary-layer models (e.g., 
Deardorff, 1972) compute rather detailed three-dimensional 
flow, temperature, and moisture fields and would be far 
too computationally expensive to cover the domain of in­
terest for regional forecasts. The complex models are 
being used to test simpler schemes for making boundary­
layer forecasts that can be included in regional fore­
casting models. Such schemes produce predictions of the 
mean value of wind, temperature, and humidity in the 
boundary layer within the context of a regional-scale 
model. A boundary-layer model, which will contain 10 
levels, is being developed by the National Weather Ser­
vice's Techniques Development Laboratory for operational 
implementation at the National Meteorological Center. 
Predictions from the model should be valuable in their 
own right and as input to MOS forecasts of thunderstorm 
probability. 
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5 DATA REQUIREMENTS 

In stating data requirements for short-range prediction, 
it is necessary to take account of the size and nature of 
the phenomena to be predicted, the technological and eco­
nomic feasibility of the required observing systems, and 
the purpose for which the data are gathered, whether for 
operational use or research. Ideally, one would like to 
observe all pertinent atmospheric variables with suffi­
cient density, frequency, and accuracy to resolve complete­
ly the phenomena under consideration. For many of the 
mesoscale systems of importance in short-range prediction, 
observations with a horizontal spacing of 10 km or less 
are required to achieve this objective. Even if the tech­
nological means could be found to obtain meaningful de­
scriptions of atmospheric fields on such a small scale, the 
costs of maintaining a suitable network of regular obser­
vations covering a substantial geographic area would be 
prohibitive. Clearly, any practical statement of data 
requirements for short-range prediction must recognize the 
severe technological and economic constraints involved and 
must differentiate between operational and research goals. 

This report focuses on the mesoscale patterns connected 
with convective activity and severe storms, which may gen­
erate thunderstorms, tornadoes, hail, strong winds, and 
heavy rains. The basic purpose of this report is to sug­
gest means for improved prediction of the mesoscale sys­
tems, in both the short term, through application of 
presently available technology, and in the long term, 
through research that will increase knowledge and under­
standing of the mesoscale systems and their interactions 
with larger- and smaller-scale systems. It thus seems 
appropriate to consider observational requirements from 
the point of view of both short- and long-term objectives. 

20 
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A. DATA REQUIREMENTS FOR IMMEDIATE IMPROVEMENT IN SHORT­
RANGE PREDICTION OF MESOSCALE CONVECTIVE SYSTEMS 

Short-term advances in prediction can be pursued by fol­
lowing three promising routes: (1) better identification 
and tracking of the mesoscale features, (2) development 
of better statistical relationships between severe-storm 
occurrence and synoptic-scale fields, and (3) development 
of improved limited-area, fine-mesh numerical prediction 
models for more accurate prediction of the larger-scale 
environmental changes that determine and control the con­
vective activity. The associated data requirements are 
as follows. 

1. Identification and Tracking of the Mesoscale Features 

Weather surveillance radars (10 em) and geostationary sat­
ellites offer the best tools for monitoring convective 
activity. (See Recommendation I.4.) Radar display should 
indicate echo depth and intensity, and a search should be 
continued for even better radar indicators of severe-storm 
activity. Surveillance should be continuous during peri­
ods of severe weather. Geostationary satellite digitized 
images, both visible and infrared, should be provided at 
half-hourly intervals, with resolution of about one mile 
for the visible and five miles for the infrared. Infrared 
data should give equivalent blackbody or cloud-top tempera­
tures. (See Recommendation I.S.) 

2. Statistical Prediction 

The development of short-range forecast schemes based on 
regression equations requires large samples of data cover­
ing more than one storm season. Currently available data 
that are useful in such schemes are (1) conventional hour­
ly surface observations, (2) fields computed from numeri­
cal prediction models, (3) manually digitized radar (MDR) 
data, and (4) reported occurrences of severe weather. Re­
quired data that are not currently available with complete 
coverage of the severe storm belt of the United States 
are (1) automatically digitized radar data; (2) digitized 
satellite data (visual imagery and cloud-top temperatures 
from one- to five-mile resolutions and three-hour time 
intervals; and (3) any wind, temperature, and moisture 
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data in the middle and lower troposphere that could be 
used to derive diagnostic meteorological fields accurately 
with a three-hour frequency and corresponding spatial res­
olution. Quantitative satellite and aircraft measure­
ments are potential sources of such data. 

For operational purposes, most of the listed data would 
be needed within two hours or less of the observation time. 

3. Limited-Area Fine-Mesh Prediction Models (LFM) 

Conventional surface and upper-air observations are the 
current sources of data for fine-mesh models. Since the 
existing upper-air network was established with the pur­
pose of delineating larger, synoptic-scale features, it 
is too coarse for detecting the large mesoscale systems 
that may influence severe-storm development. Consequently, 
it may be presumed that a denser grid network would lead 
to more accurate and useful predictions of the conditions 
that spawn convective outbreaks. However, it would seem 
premature to recommend additions to the upper-air observ­
ing network until more is known about the performance of 
the LFM's in convective situations and also until more is 
known of how the performance is affected by the grid spac­
ing. Simply put, no sound guidelines exist at this time 
for recommending a finer observational grid for routine 
use. Until suitable experiments are run to yield the re­
quired information on the effect of grid spacing on fore­
cast accuracy, it seems advisable to maintain the networks 
in their present form. 

Plans are currently under way at the Technique Develop­
ment Laboratory of the National Weather S~rvice to run an 
operational boundary-layer model in conjunction with the 
National Meteorological Center's LFM, the latter being 
used to provide lateral and upper boundary conditions for 
the former. Data requirements are similar to those of the 
larger model, except that more horizontal resolution is 
needed. Horizontal resolution may be aided by using out­
put from the previous forecast. Initialization requires 
fairly detailed profiles of temperature, wind, and humid­
ity from the surface to 2 km. Approximately 10 levels of 
data with conventional accuracy will suffice. Additional 
desirable initial data include (1) rainfall from the pre­
vious day; (2) soil temperature; (3) cloud analysis, 
including not only clouds within the lowest several kilo­
meters but also cloud cover (high, middle, and low frac­
tion) above the boundary layer; (4) geostrophic winds; and 
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(5) tendencies of the wind vector, temperature, and mois­
ture for use in a variational initialization technique. 
Remote sensing of clouds and water vapor from satellites 
should provide much of this information. 

Since much of the severe weather in the central United 
States occurs between 21Z and 03Z, it is probable that 
upper-air data at lBZ would greatly benefit short-range 
forecasting. Therefore, consideration should be given to 
the addition of routine rawinsonde observations at lBZ in 
the central United States during the severe storm season. 
Dynamical and statistical techniques would have to be de­
veloped to utilize these data, and at least two seasons' 
data will be needed to develop and test the techniques. 
This data collection would cost about $100,000 per month 
(22 sites, 30 soundings, $150 per sounding). These data 
could be used for 

1. A last-minute update for statistical prediction 
schemes valid in the 21Z-06Z time interval. 

2. An up-to-date three-dimensional synoptic-scale 
data base on which the midday and afternoon satellite and 
radar data can be superimposed for more complete interpo­
lation and as ground truth for calibration of operational 
satellite data. 

3. A test of the benefits of reinitializing the LFM 
and boundary-layer models with midday observations. 

4. An improved synoptic-scale data base for use in 
analysis of severe storm field experiments of NOAA and 
NASA. 

B. DATA REQUIREMENTS FOR RESEARCH IN SHORT-RANGE 
PREDICTION OF MESOSCALE PATTERNS 

The following data requirements are stated with specific 
research objectives in mind. These objectives are (1) to 
describe more clearly the mesoscale thermodynamic and 
kinematic structures associated with organized intense 
convective systems that produce severe weather including 
tornadoes; (2) to define the key atmospheric phenomena or 
processes responsible for organizing these mesoscale struc­
tures and determine their relationship to the larger scales; 
and (3) to develop an improved capability for forecasting 
where and when these mesoscale convective patterns will 
form and the movement and structural changes of already 
existing patterns. 
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To carry out these objectives requires the establish­
ment of special data-gathering networks and the use of the 
most sophisticated instrumentation available. To keep 
costs within bounds, the data gathering must be limited 
both in time and space. A region of about 1 million km2 
in which severe storms have a high probability of occur­
rence, and in which special observational facilities al­
ready exist, and a time period of two or three months 
during the season of greatest activity would seem desir­
able for an initial experiment. It is expected that the 
data obtained would be used to test and improve fine-mesh 
numerical prediction models and to develop models of 
smaller convective features whose structure cannot be 
resolved with the fine-mesh grids but whose behavior can 
be related to resolvable larger-scale features. 

The data requirements are as follows. 

1. Surface Observations 

Wind, temperature, humidity, pressure and precipitation 
rate, cloud cover, and cloud base height are required with 
the usual accuracy and frequency at regular synoptic sta­
tions. Continuous recordings of the first five elements, 
with microbarographs used for pressure, are needed in a 
special network of more closely spaced stations. Some 100 
stations spaced about 25 km apart are desirable. 

2. Rawinsonde Observations 

Supplementary rawinsonde measurement·s are needed within 
the roughly 1 million km2 experimental area. The number 
added should be sufficient to reduce the spacing between 
the regular stations by a factor of 2 or more. A mesh 
size of about 200 km, requiring about 25 additional sta­
tions, is desirable. The rawinsondes will measure wind, 
temperature, pressure, and humidity with the usual accu­
racy. Releases should be made every three hours during 
disturbed weather or upon its approach. 

3. Indirect Sensors 

High-resolution satellite photos, visual and infrared, 
and surface temperature are required at half-hour inter­
vals. Also required are vertical temperature and moisture 
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soundings and cloud wind measurements at hourly intervals. 
Effective blackbody or cloud-top temperatures are re­
quired in digital form. Geostationary satellites will be 
capable of providing these data in the near future. 

Four types of radar data are required: (1) composite 
digitized echo maps that give a three-dimensional repre­
sentation of the echoes, (2) dual Doppler radar measure­
ments of horizontal wind fields, (3) dual-wavelength radar 
measurements of liquid water, and (4) FM cw radar measure­
ments of the fine structure of precipitation and the struc­
ture of gravity waves and other small-scale features of 
the clear air. 

4. Boundary-Layer Observations 

The proposed special rawinsonde network would provide 
valuable boundary-layer data. Within a limited region, 
these data should be supplemented by acoustic soundings, 
which will give a record of boundary-layer depth, by 
measurements of fluxes of heat, moisture, and momentum by 
gust-probe aircraft and by measurements of ground tempera­
ture made radiometrically from aircraft. Flux measure­
ments from a central mast would also be useful. Solar and 
terrestrial radiation measurements are needed with suffi­
cient accuracy to determine radiative flux divergences. 

5. Terrain Description 

Data are required on terrain height, large-scale surface 
roughness length, surface albedo, average soil conductiv­
ity, and heat capacity and soil moisture. 

C. SESAME PROGRAM 

There is presently being planned within the Environmental 
Research Laboratories of NOAA the SESAME Scientific Pro­
gram with the principal aim of "observing, experimentally 
predicting, and understanding the formation, evolution, 
and meteorological impact of severe convective storms." 
The major observational components of the SESAME program 
are two multiscale experiments planned for the springs of 
1980 and 1982. Two preliminary experiments are also plan­
ned: the first, a boundary-layer systems test in 1978; 
the second, a regional-scale experiment in the spring of 
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• SESAME (20) 
• Spec ill NWS (21) 
o Other NWS 

FIGURE 3 SESAME rawinsonde network for 1979 regional­
scale experiment [from Figure 3 . 3 of Project Severe 
Environmental Storms and Mesocale Experiment (Environ­
mental Research Laboratories, National Oceanic and 
Atmospheric Administration, 1976)] 

1979. In the regional-scale experiment, about 20 rawin­
sonde stations would be added over the central United 
States to reduce spacing to about 200 km, as shown in 
Figure 3. The resulting data set is to be used primarily 
for the initialization and testing of regional models 
during periods of anticipated strong convection. The 
special merit of conducting the regional-scale experiment 
during 1979 lies in the existence during that time of the 
enhanced data network over midlatitude oceans provided by 
the First GARP Global Experiment (FGGE). The SESAME pro­
gram provides the best opportunity to satisfy the data 
requirements for research in short-range prediction of 
mesoscale patterns described in Section B, above. There­
fore, the Panel strongly endorses the SESAME program and, 
in particular, the conduct of the regional rawinsonde 
experiment in the spring of 1979. 
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6 SUMMARY AND RECOMMENDATIONS 

The most important steps that could be taken immediately 
to improve prediction of severe storms are (1) better de­
tection and tracking of convective activity, (2) develop­
ment of better statistical relationships between convective 
storms and the large mesoscale disturbances that produce 
them, and (3) an improvement in the dynamical prediction 
of these large mesoscale disturbances. The Panel on Se­
vere Storms has dealt fully with Item (1) in its report, 
which constitutes Part II of this document. This Panel 
strongly endorses the recommendations of the Panel on Se­
vere Storms relating to the importance of developing and 
applying the various new sensing schemes to the identifi­
cation and tracking of convective activity and to the 
importance of designing an effective warning system. 

An analysis of recent experience with numerical weather­
prediction models indicates that horizontal resolution is 
of great importance to the improvement of forecast skill. 

Recommendation I.l. The Panel recommends, in light of 
the marked improvement in skill of the limited-area fine­
mesh model (LFM), that a study by the National Oceanic and 
Atmospheric Administration be made of the potential bene­
fits in providing greater computing power to the National 
Meteorological Center for a further increase in model re­
solution. 

The present use of statistical relationships in pre­
dicting regional probabilities of severe storm outbreaks 
has led to a considerable improvement in skill beyond that 
achievable by purely dynamical methods. 

Recommendation I.2. The Panel strongly recommends the 
continued development of combined statistical-dynamical 
methods of objective forecasting such as the method of 
model output statistics. 

27 
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The use of statistical approaches to the parameteriza­
tion and empirical correction of dynamical models should 
be explored further. 

Higher-resolution regional models are able to resolve 
smaller scales of motion. These scales are expected to 
be more highly correlated with events of interest and thus 
to provide more valuable predictors for statistical re­
gression and to lead specifically to more sharply defined 
probabilities of occurrence of small-scale events. 

Recommendation I.3. The Panel strongly recommends the 
continued development of mesoscale regional models by a 
number of research groups and urges their use for pre­
dictability and observing system simulation experiments of 
the sort that have been carried out with planetary scale 
models. 

Two important data sources that will contribute to the 
better identification and tracking of mesoscale and con­
vective activity are weather surveillance radars (10 em) 
and geostationary satellites. 

Recommendation I.4. The Panel recommends that automa­
tically digitized radar data be provided with complete 
coverage of the areas of the United States susceptible to 
severe storm development. 

Boundary-layer research will contribute in an important 
way to the development of mesoscale models. 

Recommendation I.5. The Panel recommends that geosta­
tionary satellite digitized images, both visible and in­
frared, be provided at half-hourly intervals, with the 
highest possible resolution. 

Much of the severe weather in the central United States 
occurs between 21Z and 03Z, and it is probable that upper­
air data at 18Z would greatly benefit short-range fore­
casting if utilized with proper dynamical and statistical 
techniques. 

Recommendation I.6. The Panel recommends that consider­
ation be given to the addition of routine rawinsonde ob­
servations at lBZ in the central United States during the 
severe storm season. 

An early experiment in the SESAME Scientific Program is 
a regional-scale experiment with a doubling of the density 
of rawinsonde stations over the central United States. 
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This experiment contributes directly to the understanding 
of the statistical relationships between convective storms 
and the large mesoscale disturbances that produce them. 
The Panel strongly endorses the SESAME Program and, in 
particular, the conduct o£ the regional rawinsonde experi­
ment in the spring o£ 1979. 
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7 INTRODUCTION 

The Panel on Severe Storms of the Comadttee on Atmospher­
ic Sciences was set up in the summer of 1973 to review 
the field of severe storms, with particular reference to 
severe thunderstorms and tornadoes. Recognizing that a 
related Panel on Short-Range Forecasting was concerning 
itself (in part) with the forecasting of severe storms, 
this Panel has concentrated on the other phases most crit­
ical to a warning service; namely, severe-storm monitoring 
and the preparation and dissemination of warnings. Chap­
ter 8 serves as an introduction to the problem, summarizes 
some of the principal relevant factors of severe thunder­
storms, and examines the need for a warning service. Chap­
ter 9 emphasizes the systems approach to the design of the 
warning system and urges that primary attention be given 
to the user needs and to the detailed specification of the 
services required. Only when these warning services have 
been fully specified does it become practicable to deter­
mine the optimum weather observing, data processing, and 
telecommunication systems. Chapter 10 reviews the environ­
mental monitoring system, with particular reference to the 
potential benefits of providing NWS and AWS weather radars 
with Doppler wind-sensing capability, to enable identifi­
cation of regions possessing unusually high velocities, 
velocity shear, vorticity, and turbulence. Chapter 11 
stresses the role of communication facilities and the warn­
ing message characteristics in the delivery of warning ser­
vices. The final chapter summarizes the issues that have 
come to the attention of the Panel and presents recommend­
ations for the next steps in resolving these issues. 
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8 SEVERE STORMS AND THE 
NEED FOR A WARNING SERVICE 

In any one year, some 100,000 thunderstorms occur within 
the 48 contiguous states of the United States. The vast 
majority of these cause no damage and, indeed, provide 
great benefit through their precipitation--it is estimated 
that approximately 50 percent of the summer precipitation 
so essential to agriculture comes from thunderstorms. Nev­
ertheless, severe thunderstorms represent one of the great­
est of the geophysical hazards. White and Haas (1975) 
present the available statistics for the 15 principal 
natural hazards in the United States. Their data show 
that, if we combine the tornado, hail, and lightning com­
ponents of the severe-storm hazard, severe storms are 
first in deaths, second in injuries, and third in property 
damage. (Addition of the flash flood and strong wind com­
ponents of thunderstorm hazards would have increased the 
relative magnitude of the severe-storm losses, but these 
figures are not separately available, being grouped with 
losses from other forms of flood or damaging wind, re­
spectively.) 

The peak intensities of the lightning, precipitation, 
winds, and hail associated with a storm vary enormously 
from storm to storm and with position within the storm. 
Given this wide range in the intensity of the meteorolog­
ical phenomena involved, and the fact that thunderstorms 
are common in many parts of the United States, our society 
evolves so that the median storm causes very little damage. 
On the other hand, the most extreme storms are so much more 
severe and occur so infrequently at any one location that 
we have little opportunity or economic incentive to develop 
immunity to them. As a result, such storms are likely to 
cause considerable local damage. Thus, in a very real sense 
it is natural that about 10 percent of the thunderstorms 
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are designated by the National Weather Service as "severe" 
because the winds, hail, or precipitation associated with 
them are sufficient to cause some damage. Further, 
roughly 10 percent of these severe storms have embedded 
in them small regions of extremely high velocity, circu­
lating winds, or vortices (known as tornadoes), which can 
damage or destroy almost everything in their path. 

In considering the severe-storm and tornado warning 
problem, it is essential to recognize the great variabil­
ity that exists within the total population of tornadoes. 
Although approximately 700 to 1200 tornadoes occur within 
the United States each year, most of them are relatively 
weak and short-lived. This majority of small tornadoes 
typically lasts only a minute or two and causes relatively 
little damage over a track often not more than 100 m wide 
and less than 2 km in length. Because of their short life 
and small dimensions, the issuance of a timely warning in 
these cases is difficult. On the other hand, the vast ma­
jority of tornadic deaths, injuries, and property damage 
are caused by the relatively infrequent, large, and long­
enduring tornadoes whose paths may be up to 2 km in width 
and 160 km or more in length. These destructive tornadoes 
can last up to three hours and, therefore, are much easier 
to track and warn against than the more common but, for­
tunately, much less damaging, short-lived, small tornadoes. 

The extreme variability of tornadoes is well brought out 
in the study by Fujita (1975a) of the major outbreak of 
tornadoes that occurred on April 3-4, 1974. (See map at 
end of this report.) This outbreak was the most severe in 
recorded history in terms of total number of tornadoes, 
the length of their tracks, the total area affected, and 
the total damage incurred. Some 315 persons were killed 
and over 5400 injured; property losses were estimated by 
the Defense Civil Preparedness Agency at $600 million, and 
over 27,000 families were affected. Another indicator of 
the severity of the outbreak is that at one time at least 
15 different tornadoes were on the ground simultaneously. 

Most of the 148 tornadoes located by Professor Fujita 
from his aerial and ground observations of this outbreak 
caused relatively little damage. Thus, taken together, 
the least destructive half of the tornadoes caused less 
than 1 percent of the casualties (injured or killed); two 
thirds of the tornadoes caused no deaths, and almost one 
half caused neither death nor injury. On the other hand, 
more than half of the deaths were caused by less than 5 
percent of the tornadoes (the worst single tornado struck 
Xenia, Ohio, killing 34 persons and injuring 1150). The 
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six most destructive tornadoes each had paths longer than 
50 km; in two cases, the paths exceeded 160 km. 

Although tornadoes are the most dramatic of the severe­
storm hazards, major damage can also be caused by flash 
floods, hail, strong winds, and lightning. The extreme 
variability in total damage caused by individual tornadoes 
is paralleled by similar variability in each of the other 
hazards. Thus, while most thunderstorms cause essentially 
no damage, the most severe storms can devastate agricul­
tural areas by hail and high winds, and flash floods re­
sulting from intense precipitation can cause major loss of 
life as well as large agricultural losses . For example, 
the June 9-10, 1972, flash flood in the Rapid City area of 
South Dakota resulted in the loss of 237 lives and over 
3000 injured; and the recent (July 31, 1976) Big Thompson 
Canyon flash flood west of Loveland, Colorado, is known to 
have killed at least 138 persons with another 12 persons 
still missing and believed to have died. In another ex­
ample, over $50 million of damage to crops was caused on 
October 10, 1973, in the Enid area of Oklahoma as a result 
of thunderstorm precipitation amounting to almost 500 mm 
in about 12 hours. 

Hailstorms in the United States are estimated to do an 
average of $680 million each year in crop damage alone, 
with most of it caused by a small percentage of the storms 
(Boone, 1974). For example, a single hailstorm in south­
eastern Missouri on July 15, 1971, destroyed or damaged 
between 50 and 100 percent of field crops over an area of 
one quarter of a million acres at a cost to the farmers of 
more than $17 million. 

Thus, a severe-thunderstorm warning service must be 
able to identify those rare and exceptional events that 
form the extreme tail of the distribution of a common me­
teorological phenomenon (the thunderstorm), which occurs 
almost daily somewhere in the United States. Severe storms 
have occurred in almost every part of the conterminous Uni­
ted States; they have occurred at every time of the day and 
in each season of the year. The problem is, therefore, one 
of identifying rare and possibly short-lived events from 
among the hundreds or thousands of potentially similar 
storms in time to transmit and receive effective warnings 
and for the public to take appropriate action. 

Although relatively little can yet be done to m1n1~ze 
the damage to crops and property caused by severe storms, 
experience over many years has shown that accurate and 
timely warnings disseminated effectively to a well-prepared 
public can do a great deal to reduce the numbers of persons 

Copyright © National Academy of Sciences. All rights reserved.

Severe Storms:  Prediction, Detection, and Warning
http://www.nap.edu/catalog.php?record_id=19936

http://www.nap.edu/catalog.php?record_id=19936


37 

killed or injured. Following the April 3-4, 1974, tornado 
outbreak (the worst in historic record), the NOAA Survey 
team concluded (National Oceanic and Atmospheric Adminis­
tration, 1974) that "the NWS Warning System, the relay of 
warnings by the news media, and the protective actions 
taken at the community level saved thousands of lives . " 
Examples of warnings followed by effective action that 
minimized or eliminated casualties abound in the reports 
of the April 3-4, 1974, outbreak; there are also tragic 
stories of ineffective warnings or warnings that went un­
heeded. 

While the main goal of such a warning system is to save 
lives and prevent injuries, there are a number of possi­
bilities of preventing or minimizing damage to property, 
for example, the movement of parked aircraft or vehicles 
and the diversion of aircraft in flight. Other preventa­
tive measures, such as alerting auxiliary power facilities 
in hospitals in the face of a severe storm, are also im­
portant goals of the warning system. 

Improved detection techniques and quicker dissemination 
of messages have beneficial effects, but there is evidence 
to suggest that there are additional important limitations. 
Brouillette (1966) observed that in the 1965 Palm Sunday 
tornadoes, "Many persons who had received an early tornado 
warning took no steps to seek shelter." Also, the mayor 
of a small Mississippi town, warned of an impending torna­
do, was reportedly unsuccessful in his attempts to evacu­
ate people to shelter--17 deaths resulted. These examples 
indicate that the ultimate effectiveness of a warning sys­
tem rests upon those factors that determine whether the 
warning will be heeded . 

The importance and benefits of warnings and tornado 
drills at schools have been brought out repeatedly in the 
past. The April 3-4, 1974, outbreak produced at least 
two more examples, quoted in the Natural Disaster Survey 
Report (National Oceanic and Atmospheric Administration, 
1974): "In Hanover, Indiana, a high school physics teacher 
spent the last 25 minutes of his class on April 2 dis­
cussing tornado safety. The discussion included the dan­
ger of being hit by a tornado while in a vehicle and 
advocated leaving the car for a ditch or ravine. The 
next day a Hanover school bus was on a collision course 
with an approaching tornado . One of the students who'd 
been in that physics class convinced the driver to stop 
and everyone headed for a ditch . The bus was demolished 
but none of the passengers was injured." Or again: "Many 
Indiana schools were damaged. At Monroe Central High 
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School (10 miles east of Muncie) students were dismissed 
early when a watch was issued for their area. The teach­
ers who remained posted a lookout and when a tornado was 
spotted they went to a predetermined interior hallway. 
The school was destroyed but the interior hallway remained 
intact and no one was injured. " The absence of a similar 
emergency plan in Xenia makes it even more fortunate that 
the tornadoes that struck that city came after school 
hours. 
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9 SEVERE-STORM WARNINGS AS 
A SYSTEM DESIGN PROBLEM 

The design or improvement of a severe-storm warning service 
is best undertaken using a systems engineering approach. 
In this method, attention is first focused on the overall 
objectives of the total system. Once the overall system 
objectives are well understood, the necessary subsystems 
are identified. These are then designed and carefully 
evaluated to ensure that each subsystem is contributing 
optimally to the performance of the total system. Repeated 
iterations of the specifications of the desired overall 
system performance and the design of the necessary sub­
systems help ensure creation of a balanced total program, 
in which each subsystem contributes strongly and efficient­
ly to the performance of the whole. 

Using this approach, we recognize that the overall pur­
pose of a severe-storm warning service is to stimulate an 
appropriate response by the intended recipient of the warn­
ing to the occurrence of a local severe-storm hazard. It 
is not adequate to limit the overall system design to the 
mere dissemination of a warning to some population of users. 
Only when the warnings result in appropriate adaptive be­
havior on the part of recipients can the service be said 
to have been performed successfully. 

This accounts for the emphasis of the National Weather 
Service on campaigns to enhance the ability of communities 
and individuals to respond to warnings. This focus on the 
creation of an appropriate adaptive response is critical 
to the design of a warning system. It ensures maximum at­
tention to the needs of the users and requires that high 
priority be given to optimize the timing, nature, wording, 
and method of delivery of the warning messages. 

It is important to recognize that the design of a warn­
ing service should proceed in a manner opposite to its 
operation. In designing the system, one must start with 
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the users and identify with considerable care the specific 
needs for warning services. From this information, one 
can then identify the warning messages that are needed, 
helping to define the telecommunication system require­
ments as well as the necessary atmospheric observing sys­
tem and its associated data processing and interpretation. 
The operation sequence, however, starts at the opposite 
end with observations, collation, and interpretation trig­
gering the warning preparation and dissemination, followed 
then by response on the part of the user. 

Mileti (1974), in an exhaustive analysis of response to 
flash-flood warnings in Rapid City, South Dakota, makes it 
clear that adaptive response to a received warning message 
rests on a host of determinants, most of .which have yet to 
be explored in connection with tornado warnings (Mileti, 
1975). A comprehensive review of the literature of warn­
ings of all types revealed that there are at least 25 iden­
tified variables that directly or indirectly determine 
response to a hazard warning (Mileti et al., 1975). The 
extent to which these variables and hypothesized relation­
ships apply to all types of hazard warnings is unknown . 
Mileti (1975, p . 19) concludes that: 

••. little is known about: (1) whether these fac­
tors really make a difference for all types of 
natural hazards; (2) if some factors are more im­
portant than others; and (3) which factors are 
most important. 

Furthermore, several areas of concern which 
could be policy-relevant and central to warning 
system effectiveness have not been studied suffi­
ciently in reference to natural hazards: (1) the 
efficacy of sirens in upgrading response; and (2) 
formulation of the content of the warning message 
to increase belief in danger but not cause fear. 

Given the lack of knowledge about the receipt of tornado 
warning information and response to it, it is difficult to 
know what steps should be taken to optimize response to the 
tornado warnings that are released by the National Weather 
Service. Even with a perfect detection system, lives can 
be saved and injuries avoided only if the potential recip­
ients actually get the warning messages. At present, what 
proportion of the potential recipients in an area being 
warned actually receive one or more warning messages? Does 
that proportion differ by time of day or night? Does it 
differ by region of the country? There are only limited 
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documented answers to these critical questions . In the 
absence of such answers, policy decisions must of neces­
sity be made on a subjective basis. This unsatisfactory 
situation should be changed as soon as possible by the 
conduct of studies designed to permit development of im­
proved policies and practices by providing answers to such 
questions . 

An effective warning delivery system has been defined 
(National Advisory Committee on Oceans and Atmosphere, 
1973) as one that: 

••• must be capable of detecting an impending dis­
aster, determining its scope, deciding on the type 
of warning to be issued, and disseminating the warn­
ing. On its part, the community thus warned must be 
prepared to take appropriate action. All of these 
components must function properly and quickly if 
lives and property are to be saved. The response 
time from detection to public action must be made 
short. While the Weather Service does not have the 
responsibility for public response, it shares respon­
sibility with other agencies for final delivery to 
the public, and it does have the responsibility of 
assessing how successful to the whole is its part of 
the effort . 

A clear, quantitative, definition of the warning ser­
vice requirements, including numerical performance speci­
fications such as indicated below, is critical to the 
creation of such a warning system. The definition, be­
cause it is quantitative, can be used both to guide the 
design and to evaluate the performance of the system. The 
definition of the required warning service must be estab­
lished on the basis of user needs and should not be deter­
mined solely by the capabilities of present technology. 
This quantitative definition provides the long-range goals 
to guide the development of the warning service. It also 
must provide the framework within which different alter­
native technologies are evaluated and selected. 

As indicated earlier, a considerable amount is now 
known about temporal and spatial characteristics of severe 
storms. This is based on observations over many years, 
and as a result we may state that the general nature of 
the hazard is well understood. What is much less under­
stood, however, is the nature of the response of individ­
uals to disaster warnings. Relatively little research has 
been conducted in this area, and, as stressed later in 
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this report, it undoubtedly will be desirable to increase 
our knowledge of this aspect of the warning service as 
time progresses. Nevertheless, enough is known of the 
characteristics of the total system to warrant setting up 
quantitative objectives for the accuracy of the services 
along the lines of the following examples, which deal with 
the accuracy of the geographic delineation of the warned 
area and the timing of the messages. Obviously, the spe­
cific criteria proposed here are offered only as examples 
and should be replaced by totally new sets based on care­
ful studies of user needs and responses. 

Example 1 Possible quantitative requirements for geo­
graphical accuracy of watch, alert, and warn­
ing areas. 

Total geographical area affected to be defined accurate­
ly with no errors of omission and with the outer false-alarm 
area to be as follows: 

(a) Watch: within 50 miles of the affected area 
boundary for 90 percent of the events. 

(b) Alert: within 20 miles of the affected area 
boundary for 90 percent of the events. 

(c) Warning: within 5 miles of the affected area 
boundary for 90 percent of the events. 

Example 2 Possible quantitative requirements for temporal 
accuracy of watch, alert, and warning periods. 

If hazardous weather conditions commence in a particu­
lar area at time t 1 and cease at time t2, 90 percent of 
the time watch, alert, and warning messages are issued and 
received by the public within the time limits specified 
below: 

(a) Watch 
Issuance of watch message: Not later than 

tl = 4 h 

Onset of watch period: t 1 = 2 h to 
tl 1 h 

Termination of watch period: Not earlier than t2 
and not later than 
t2 + 2 h 

(b) Alert 
Issurance of alert message: 2 h to 

1 h 
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Onset of alert period: t1 = 1 h to 
t} = 0.5 h 
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Termination of alert period: Not earlier than t 2 
and not later than 
t2 + 1 h 

(c) Warning 
Onset of warning: t1 = 30 min to 

t1 = 10 min 

Termination of warning: Not earlier than t 2 and 
not later than t2 + 
30 min 

Similar quantitative requirements would, of course, be 
required to cover the accuracy of identification of the 
hazard and the percentage of the populace who receive the 
warning. 

Obviously, substantial effort will be necessary to pro­
vide quantitative definition of the required or desired 
warning services. All important severe-storm phenomena 
should be included, and quantitative parameters such as 
time, position, and intensity should be utilized to the 
maximum possible extent. Clearly, to be effective the 
warnings must, above all, be credible. The system must 
provide a high probability of detection and warning of the 
hazard and a minimum of false alarms. Excessive false 
alarms and unduly large warning areas and durations may 
well be among the major causes for the lack of effective 
response on the part of the public to the present system 
of warnings. 

Copyright © National Academy of Sciences. All rights reserved.

Severe Storms:  Prediction, Detection, and Warning
http://www.nap.edu/catalog.php?record_id=19936

http://www.nap.edu/catalog.php?record_id=19936


10 MONITORING SEVERE STORMS 

A severe-storm warning service can be no better than the 
meteorological information on which it is based. Without 
accurate, timely observations of the relevant storm con­
ditions, the warnings of necessity will be less specific 
and less valuable than they otherwise could be. 

Major progress has been made since World War II in the 
ability to locate and monitor thunderstorms. Geostationary 
satellites are able to watch the developing cloud patterns 
even before precipitation commences and to infer a great 
deal as to their nature. Weather radars are able to re­
cord the position and intensity of precipitation, hence, to 
track the storms once they have developed. The operational 
problem is not only to know where the storm systems are lo­
cated but to identify the location, motion, and development 
of any hazardous regions embedded within them. Current ob­
servational methods do not provide adequate information to 
permit routine, quantitative identification of such hazards. 
For example, the best identification of the presence of 
tornadoes is from the reports of human observers. However, 
this method is subject to many difficulties, especially at 
nighttime or in regions of heavy precipitation or in sparse­
ly populated areas. Under such conditions, the tornado may 
go unreported for many minutes. There is, therefore, a 
continuing need for reliable methods that can, under all 
weather conditions, accurately and routinely identify the 
nature and location of severe-storm hazards. 

In considering the design of the severe-storm monitor­
ing,system, once again it will be appropriate to use the 
systems approach. In this case, the end product desired 
from the monitoring subsystem clearly is concerned with 
the ability to define in essentially real time the loca­
tion, nature, and intensity of severe-storm hazards. The 
key parameters that need to be observed are undoubtedly 
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wind, precipitation, and lightning, although further study 
is necessary to define the required accuracy of measure­
ment in time and space and the particular characteristics 
of these parameters that are most closely related to haz­
ards. It is possible that, on further consideration, some 
of these parameters should be subdivided. Thus, wind 
might well require subdivision into straight-line winds; 
circulatory, tornadolike winds; and turbulence. Similar­
ly, precipitation might appropriately warrant subdivision 
into rain and hail. Because of the relatively small size 
and rapid motion of tornadoes, it would appear that spa­
tial resolutions of the order 1 km and time resolutions 
of the order 1 min will eventually be desirable. Further 
study will also be required to identify precursors of such 
key events and their associated hazards in order to pro­
vide the earliest possible identification of the potential 
hazard. 

During recent years, there has been a major effort to 
identify improved methods for locating, measuring, and 
tracking severe-storm hazards. We turn now to a discus­
sion of the current status and perceived potential of these 
methods and include recommendations pertaining to their 
further development and application. 

SATELLITE MONITORING OF SEVERE STORMS 

As indicated above, geostationary satellites are readily 
able to monitor the location and development of the cloud 
patterns associated with thunderstorms. Particularly in 
the early phases, the satellite pictures may give the only 
indication of the presence of developing storms. Viewing 
the storm from above, however, means that much of the in­
ternal structure of the storm is hidden from view. At 
this time, it does not appear likely that the infrared and 
optical images will permit direct identification of torna­
does or regions of heavy precipitation. However, as shown 
by Fujita (197Sb), the heights of the tops of the clouds 
can undergo fluctuations indicative of changes in the in­
tensity of updrafts within the storm. These updrafts are 
an indication of the intensity of the storm and often are 
associated with regions of high vorticity. It is likely 
that further progress can be made in learning how to use 
satellite images to locate and monitor hazardous regions. 
Such investigations have been initiated and should be ac­
celerated. The possibility of using satelliteborne radars 
to probe thunderstorm conditions is being studied, although 
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at this time the prob1ems of achieving adequate temporal 
or spatial resolution or both seem severe. 

CONVENTIONAL WEATHER RADAR 

Convention (i.e., non-Doppler) weather radar has proven 
to be the most valuable single tool for the monitoring of 
severe storms. Its ability to map, in three dimensions, 
regions of precipitation out to some 200 km from the radar 
site provides the observer with excellent information on 
the location and evolution of storms and quantitative es­
timates of rainfalls that cause flash floods. Radar data 
find immediate use in systems for air traffic control, 
pilot briefing, and public warning. 

Modern methods for processing and displaying radar data, 
including digitized echo strengths presented in color, can 
provide visually dramatic indications of precipitation 
areas, including automatic synthesis of radar information 
with data from self-reporting rain gauges. Calibration of 
the radar data with rain-gauge measurements is important 
because the radar echo strength is a function of several 
radar parameters, as well as the raindrop number density 
and size distribution. As such new capabilities are intro­
duced into routine operation, the accuracy and timeliness 
of warnings will increase and radar use will extend to gen­
eral hydrologic purposes. 

Several techniques have been used successfully in at­
tempts to distinguish between hail and rain. With a single 
10-cm radar, an echo strength implying a radar reflectiv­
ity factor greater than about 10~ mm6;m3 at a 3-km height 
has been found to be a suitable criterion for identifica­
tion of regions of hail. In the research mode, a two­
wavelength (10 cm/3 em) pair of radars with matched anten­
nas has been used successfully in the National Hail Research 
Experiment to identify regions of hail (Carbone et al., 
1973; Eccles, 1976; Jameson, 1976). In Canada, the use of 
circularly polarized radars permits the measurement of the 
cancellation (or depolarization) ratio, and a parameter 
referred to as "percent orientation" shows promise of be­
ing useful in distinguishing hail from rain (Barge, 1974). 
These methods all require further research to determine 
their reliability and operational feasibility. 

There has been limited though significant success in 
the use of operational weather radars for the identifica­
tion of a unique tornado signature. Here, the appearance 
of a particular type of curved echo pattern, known as a 
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"hook echo," is currently the best operational radar in­
dicator of the probable existence of a tornado. However, 
less than half of all tornadoes are associated with recog­
nizable hook echo patterns, and tornadoes do not always 
occur even when a clear hook echo is observed. Attempts 
to identify regions of nontornadic severe winds and turbu­
lence from the echo patterns have been much less success­
ful. 

Quantitative measurements of radar reflectivity using 
modern, economical data-processing systems have demonstrat­
ed an encouraging capability for estimating total rain­
fall, hence, for identifying the flash-flood potential of 
both hurricanes and severe local storms. While there are 
limitations to the accuracy with which such measurements 
can be made, there is little doubt that present methods 
can be improved sufficiently to detect potentially haz­
ardous flash-flood conditions. There is already an on­
going experiment within the National Weather Service, but 
progress has been disappointingly slow. A major program 
is nearing the field evaluation stage in England (Taylor 
and Browning, 1974; Harold et al., 1974). Such radar 
methods should be supplemented by more widespread use of 
river flow gauges and warning devices. The latter instru­
ments reflect the total amount of rainfall that has pre­
viously been collected by the drainage basin upstream of 
the gauge. In this respect, they serve both to verify the 
earlier indications obtained by the radar and as a warn­
ing of imminent dangers. 

Thus, we may summarize the role of operational weather 
radar by indicating that the echo strength, which is di­
rectly related to the precipitation size and density, can 
be used to distinguish hail from rain and to obtain quan­
titative information on the distribution and intensity of 
rainfall. The latter are especially valuable for purposes 
of. flash-flood warning. It should be pointed out that the 
echo strength is not directly related to the wind velocity, 
and attempts to use the echo patterns as a basis for de­
ductions as to the location of tornadoes or damaging winds 
have not been satisfactory. 

MICROWAVE ATTENUATION 

Recent analyses suggest the feasibility of deriving path­
averaged rainfall rates from measurements of the attenu­
ation of short-wavelength microwave radio beams. Although 
such an approach had been attempted with only moderate 
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success more than a decade ago, recent studies by Atlas 
and Ulbrich (1974) indicate that there is a narrow wave­
length band near 1 em at which the attenuation is directly 
proportional to rainfall rate and is independent of drop­
size distribution and atmospheric temperature. This lin­
ear dependence of attenuation on rainfall rate should, 
therefore, make it possible to measure the average rain­
fall along a path between transmitter and receiver (or 
between a 1-cm radar and a retroreflector) regardless of 
the rainfall rate or its distribution along the path. 
(Previously unexplained measurement errors are now explain­
able in terms of differential absorption as a function of 
radio-wave polarization relative to the orientation of the 
distorted raindrops.) Monitoring of ·the rainfall over a 
drainage basin thus appears feasible, using any of a vari­
ety of approaches employing a distribution of retrore­
flectors. 

DOPPLER WEATHER RADAR 

Severe-storm hazards are primarily associated with winds 
and secondarily with precipitation. Therefore, any tech­
nique that permits monitoring both the velocity and pre­
cipitation fields in all three spatial dimensions is of 
great potential significance to severe-storm warnings. 
Doppler radar is such a technique. 

Basically, Doppler radar makes use of the change in 
frequency (the Doppler effect) that occurs when a radar 
signal is scattered by a moving target. This Doppler shift 
is proportional to the velocity of the target toward or 
away from the radar. Any velocity transverse to the line 
of sight is not detected. (If required, this transverse 
component could be derived using a second Doppler radar to 
interrogate the target from a different direction.) 

The Doppler effect has been used in meteorological re­
search for a number of years. Recent advances in data 
processing and display have greatly enhanced its useful­
ness, and it is now appropriate to recommend the eventual 
operational use of Doppler weather radars to monitor and 
display, in essentially real time, the radial component of 
velocity of the precipitation relative to the radar and 
the breadth of th~ Doppler spectrum. 

Analysis of five years of research data obtained with the 
new 10-cm Doppler radars at the National Severe Storms Lab­
oratory (NS~L) has revealed two different characteristics 
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of the velocity field under tornadic conditions. These 
are a tornadic vortex signature and a mesoscale cyclonic 
circulation signature. The tornadic vortex signature 
is typified by strong wind shear, in which the radial 
component of velocity is found to show very strong shear 
between neighboring azimuths, e.g., 50 m/sec difference 
in radial velocity between two sampling cells displaced 
laterally by 1 km. In one case (the Union City storm of 
May 24, 1973), very strong wind shear was observed at 
storm midlevels 25 minutes before the tornado touched the 
ground. The region of strong shear descended to progres­
sively lower levels, reaching cloud base coincident with 
funnel cloud appearance. Observed azimuth deviatign of 
maximum shear taken at a radar beam elevation of 0 co­
incided with the surface track of the tornado. Nine tor­
nadic vortex signatures had been detected, of which seven 
were associated with either tornado or funnel aloft reports. 

Good statistical success was obtained in identifying the 
mesocyclone vortex signature as registered on a single 
Doppler radar. The mesocyclone signature usually is found 
throughout the lowest 10 km of a severe storm. Thirty­
seven mesocyclones were identified within 165 km of the NSSL, 
of which 23 were associated with reported tornadoes. Dam­
aging wind or hail was reported with 12 of the nontornadic 
signatures, leaving only 2 signatures out of the 37 that 
produced no reports of severe weather. At no time during 
data collection did a verified tornado occur unless pre­
ceded by a vortex signature; the average lead time before 
tornado occurrences was 36 minutes. In several cases, 
either no hook-echo signature was apparent from the storm 
or it was only apparent for a short period of time, where­
as the mesoscale vortex signatures retained good time and 
space continuity. 

In two instances (both at NSSL and at Air Force Cam­
bridge Research Laboratories), the position of a tornado 
vortex has been marked by an unusually broad Doppler spec­
trum and large Doppler variance. This is to be expected 
when both large approaching and receding velocities are 
found within the same radar pulse volume. Thus, the com­
bination of a mesoscale vortex, large azimuthal beam-to­
beam shear, and large Doppler variance appear to be clear 
signatures of existing or potential tornadoes. 

These preliminary results of the use of Doppler radars 
for tornado detection are extremely encouraging. They in­
dicate that, at least in the research mode, it is possible 
to identify and track the mesoscale low that is parent of 
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the tornadoes, and, on occasion, the position of the tor­
nado itself is tracked. These studies should be pressed, 
not only because of their enormous value in post facto 
studies of severe storms but because it is also important 
that their implications to severe-storm monitoring and 
warnings be rapidly assessed. It is technically feasible 
to produce the Doppler signature information on a time 
scale short enough to be useful as warning information. 
This will require some expansion of manpower and dollars 
to conduct the many analytical and experimental studies 
required before operational exploitation of these dramatic 
new research results can be achieved. 

While we must reserve final judgment whether Doppler 
radar will provide unequivocal signatures of tornadoes and 
a sufficiently low false-alarm rate until its capabilities 
and limitations have been more fully investigated, the 
potential value of Doppler radar in severe-storm detection 
and warning is already undeniable. Its other uses, such 
as the measurement of winds, shear, and turbulence and its 
ability to distinguish weather targets from ground clutter, 
add greatly to its potential operational value. Moreover, 
the importance of Doppler observations of hurricane winds 
at coastal stations must not be underestimated. Certainly, 
the striking successes achieved to date warrant a major 
expansion of the research efforts in order to ascertain 
the proper role of Doppler radar in severe-storm detection 
and warning. Indeed, many of those who have worked with 
Doppler radar are already convinced that it is ready for 
operational deployment (Donaldson et al., 1975). The USAF 
Air Weather Service is now moving vigorously in this di­
rection. 

Although it would ultimately be desirable to have fully 
coherent Doppler radars in all regions prone to severe 
storms, it is possible that existing radars could be retro­
fitted at reasonable cost to permit Doppler measurements. 
Also, some of the desirable measurements can be made with 
relatively simple modifications of existing incoherent 
radars. These are referred to as "pseudo-Doppler tech­
niques." For example, the azimuthal beam-to-beam shear 
mentioned previously as a tornado signature may be measured 
by conventional radar with a dual beam; and velocity dif­
ferences between neighboring range gates of the same beam, 
which are indicative of turbulence, have already been mea­
sured both at the University of Chicago and in the Soviet 
Union. Such modifications of incoherent radars would 
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While we have not given attention to the geographical 
distribution or spacing of the monitoring and detection 
system, this subject will have to be addressed as part of 
the system design. Should the system be based upon either 
Doppler or pseudo-Doppler radar, complete coverage is like­
ly to require station spacing of about 300 km, i.e., a 
useful detection range of about 150 km at which the normal 
radar horizon is 1.3 km above the ground. This is to en­
sure that severe-storm signatures recorded aloft are rep­
resentative of events at the surface. Of course, the 
range limit of reliable severe-storm warnings should be 
the subject of further research. 

Whatever the useful range of a ground-based radar, se­
rious consideration should be given to the use of aircraft 
monitoring systems that can be deployed quickly to areas 
of severe-storm watches. It is likely that no more than 
10 such aircraft systems would be required to cover the 
severe-storm outbreaks within the contiguous United States. 
(They could also serve well for hurricane reconnaissance.) 
While some complexities would be introduced in the Doppler 
radar processing methods, no technological difficulties 
are foreseen. Indeed, with far fewer systems, each air­
craft could be fitted with the most sophisticated radars 
and data-processing facilities envisaged. They would also 
have the advantages of a greater radar horizon and the 
ability to approach suspect regions for close-in verifi­
cation and could employ both visual and electrooptical 
observations. In the latter category, we are thinking of 
the possibility of using infrared lidar systems, which 
are capable of measuring the exceedingly large rotational 
speeds of the cloud particles of the tornado vortex. Such 
particles are not detectable by microwave radar, nor can 
microwave radar measure the large tornado velocities with­
out ambiguity. Clearly, the many advantages of airborne 
severe-storm monitoring systems suggest their serious con­
sideration. 

In summary, and repeating the point made at the begin­
ning of this section: In measuring the wind velocity, we 
are measuring the parameter most critical to severe-storm 
hazards. The striking successes to date of velocity­
measuring Doppler radars fully warrant rapid expansion 
of the effort in order to ascertain their proper role in 
severe-storm monitoring and warning. 
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ATMOSPHERICS 

It has been known for many years that nearby lightning 
creates interference, or "static," on radio sets. These 
radio-frequency emissions from lightning are colloquially 
known as "atmospherics" or, more briefly, as "sferics" to 
distinguish their atmospheric origin from the man-made 
"static" produced by electrical machinery, switchgear, 
and other apparatus. Over the years, there have been a 
number of efforts to identify tornadic storms on the basis 
of possible differences in the atmospherics they radiate. 
The advantage of such a method (if it were to succeed) 
is that it relies purely on the passive reception of sig­
nals radiated by the storm and does not require construc­
tion and operation of sophisticated radar systems. 

This technique has been investigated in considerable 
detail by w. Taylor and colleagues of NOAA's Wave Propaga­
tion Laboratory. It has been found that, in general, the 
burst rate (the frequency of occurrence of short burst of 
atmospherics at frequencies in the range 3 to 80 MHz) is 
an indicator of the severity of the storm. Thus, the typ­
ical tornadic storm registers over 20 bursts per minute, 
a typical severe storm (with funnels, hail, or damaging 
winds but no tornadoes) averages about 10 bursts per min­
ute, and the normal thunderstorm about 1 burst per minute. 
A careful study, involving between 200 and 300 station 
months over a four-year period, has confirmed these sta­
tistical results but also indicates that a significant 
fraction of the tornadic storms (especially those with 
small, short-lived tornadoes) cannot be identified this 
way. Apparently the electrical activity of a thunderstorm 
is positively correlated with its severity, but the degree 
of correlation found so far is not yet adequate to permit 
unique identification of those storms that are tornadic. 

The present conclusion is, therefore, that the failure­
to-alarm rate and the false-alarm rate, in relation to 
tornadoes, of these passive receiving systems are suffi­
ciently high that they must be regarded as secondary, 
rather than as primary, observing tools. Nevertheless, 
measurements of sferics are useful indicators of lightning 
hazards . 

INFRASOUND 

For some years, it has been known that severe thunderstorms 
radiate infrasound (acoustic waves of subaudible frequency), 
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which can propagate over long distances with very little 
attenuation. The azimuth of arrival can be ascertained, 
using spatial arrays of microphones. If this is done from 
several well-separated sites, the apparent source of the 
infrasound can be located by triangulation. While the 
source mechanism for the infrasound is not clear, there is 
evidence that it is a product of the turbulent instabili­
ties in rotating flows within the storm and, as such, is 
a reasonably direct manifestation of the severity of the 
dynamical effects of the storm. One intriguing result of 
these studies is that the infrasound appears to be first 
emitted at detectable intensities about one hour before 
the occurrence of a tornado (Georges and Green, 1975). 
The potential value of this result, however, is reduced 
by the propagation delays, which amount to almost one hour 
for distances of 1000 km. At close ranges, skip-zone ef­
fects, as well as the possibility of enhanced noise at 
the receiving microphones due to winds from local storms, 
make the system less useful. 

Although the eventual usefulness of infrasound to a 
severe-storm monitoring and warning service is not clear, 
it appears at this time that its disadvantages of low prop­
agation velocity and high susceptibility to local noise 
levels reduce its operational value to, at best, a second­
ary monitoring role. 
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11 COMMUNICATIONS AND 
WARNING DISSEMINATION 

The monitoring activities discussed in the preceding chap­
ter are a necessary prelude to the primary function of a 
severe-storm warning service, namely, the dissemination 
to the total family of users of timely and accurate warn­
ings of storm hazards. We turn now to some of the social 
and technological problems and opportunities in this area 
of warning dissemination. 

Warning services must begin with the collection of ob­
servations, for example, using surface, balloonborne, or 
satelliteborne sensors. After analysis of the observa­
tions, forecasts and warning messages must be prepared and 
disseminated by appropriate National Weather Service (NWS) 
offices. It is important to note that the warning service 
is a continuous activity, which may require access to the 
internal office-to-office communication facilities during 
the entire severe-storm period. Because the storms must 
be monitored and new messages prepared, it is not possible 
to dedicate these facilities totally to the warning dis­
semination function, although during severe-storm periods 
such messages pertaining have highest priority. 

The present warning service provides advisory messages 
about severe thunderstorm events (tornadoes, hail, rain, 
wind, and lightning) and flash floods. Two types of ad­
visory statement are issued: the watch and the warning. 
In both cases, the same message is distributed to all users. 
The present policy is to use multiple-warning communication 
facilities to reach the public and the officials who must 
decide on, and then direct, responsive activities leading 
to adaptive behavior patterns. 

54 
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WARNING MESSAGES 

The watch is a forecast, usually issued some hours before 
the storm matures. The geographical area covered by a 
severe thunderstorm or tornado watch typically covers 
about 60,000 square kilometers (e.g., an area 300 km by 
200 km). 

The warning is a message about a severe-storm event 
that has been detected and confirmed. The confirmation 
is usually visual, although more recently radar indica­
tions based on echo characteristics and indications of 
powerline breaks have been used. 

Specific inadequacies of this warning service that have 
been cited during meetings of this Panel, and elsewhere, 
include the following: 

1. The severe-storm watch message covers too large an 
area. Often the area actually affected by severe weather 
is two or three (or more) orders of magnitude smaller than 
the watch area. As a result, many more people are alerted 
than actually need the message. This leads to a credibil­
ity problem for future watch messages. 

2. The warning message, if issued, often comes many 
hours after the watch message and provides little time for 
reaction. The likelihood of a missed detection and, con­
sequently, no warning message, is believed to be too high 
at present. 

3. Large storm systems involving many simultaneous 
events require the issuance of multiple watches and warn­
ings. In such case, the public may have difficulty in 
keeping track of the messages, especially when some of 
the tornadoes may be traveling at up to 95 km per hour. 
No information exists at present to assess whether the 
public is able to understand the severe-storm location 
data as given in present watch and warning messages. No 
information exists at present to determine that the watch 
and warning messages, and their time sequence of delivery, 
are consistent with public needs. 

4 .. Current warning messages are inadequate in their 
description of the future positions of a detected severe 
storm. The counties and states likely to be involved are 
identified, the present location (and time) are given, and 
the direction of movement and speed are stated. No infor­
mation about the specific municipalities along the most 
probable path, and the expected severe-storm arrival time, 
is given. The relationship of an individual message to 
other watch and warning messages should always be cited . 

Copyright © National Academy of Sciences. All rights reserved.

Severe Storms:  Prediction, Detection, and Warning
http://www.nap.edu/catalog.php?record_id=19936

http://www.nap.edu/catalog.php?record_id=19936


56 

A need exists for an overall review of public needs and 
message types, based in part on random surveys of possible 
message recipients. The review could include the addition 
of a new level of warning message, intermediate between 
the watch and the warning. We suggest the name "Alert" 
for such an intermediate message. The hierarchy of three 
messages--watch, alert, and warning--should be easily un­
derstood in the context of "ready, set, go." We think of 
the alert message as being disseminated one to two hours 
before the expected arrival of potentially hazardous thun­
derstorms, at a time when the magnitude and speed of de­
velopment and motion of the storm is well identified. Such 
a message would serve many purpases, especially those of 
refining and making more precise the earlier watch messages 
and of giving considerably more notice than the warning 
messages. However, prior to implementation, this concept 
should be carefully evaluated and tested to determine if 
it is consistent with the public's warning-service needs. 

A need also exists for an overall review of the delivery 
media, the communications technology, and the listening (or 
viewing) habits of the public to be considered in deliver­
ing the hazard messages to the public. Serious considera­
tion should be given to the use of television as a primary 
means for warning dissemination and to expanding the NOAA 
VHF-FM Weather Radio Stations by the addition of UHF 
TV stations. Some evidence exists to support the concept 
that the information content of the violent storm situa­
tion requires pictorial display, disseminated in nearly 
real time. In this way, much more information on the pres­
ent status and probable course and time rate of change of 
the storm could be disseminated rapidly and effectively. 
Each viewer would have access to the full range of infor­
mation selected on the basis of studies of optimum methods 
for the effective transfer of hazard information. The 
viewer would, therefore, be in a position to filter the 
information, to extract from it what he requires for his 
own specific locale or situation. It may be expected that 
the amount of information offered, and its manner of pre­
sentation, would increase the credibility of the message 
and, therefore, the likelihood of creating the appropriate 
adaptive response. Research on warning response has shown 
that a normal first response to the receipt of a warning 
message is to seek confirmation of it. Thus, the timely 
and quantitative nature of the video "nowcasts" may offer 
a major opportunity for the recipient continuously to con­
firm their validity for his specific location. 
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The contrast between such a service and the present 
oral messages is very large. Such a capability, of course, 
would have maximum usefulness under rapidly changing severe­
storm conditions but could also be available to enhance the 
normal dissemination of weather information, by routinely 
providing maps of such parameters as wind, temperature, 
humidity, cloud, and precipitation. This "nowcasting" is 
a concept that has been identified as technologically fea­
sible and desirable by other groups. We believe that its 
potential role in the future of weather services in the 
United States, and especially in the effective dissemina­
tion of severe-storm warnings, should be carefully evalu­
ated. 

NATIONAL WEATHER SERVICE COMMUNICATIONS 

The principal communication facilities used by the National 
Weather Service (NWS) are the following. 

National Teletypewriter Circuits [NOAA Weather Wire Ser­
vice, Radar Report Warning Coordination System (RAWARC), 
FAA circuits]: These include internal NWS communications, 
plus communications to specialized users, and commercial 
radio and TV broadcasting stations (typically slow-speed 
data communications at 75 and 100 words per minute). These 
circuits require message relays in many cases. During peak 
loads, circuit delays are unacceptable when relays are in­
volved. On one RAWARC circuit during the April 3-4, 1974, 
outbreak, 26 of 62 warnings were relayed after their period 
of validity had expired. Generally speaking, station and 
network operating protocols create excessive delays during 
severe-storm peak loads. 

National Facsimile Circuits: These internal NWS circuits 
transmit graphical and map information, including digitized 
satellite photos, composite radar charts, and graphic 
severe-thunderstorm outlooks. Generally, these circuits 
operate too slowly to be of timely value during severe­
storm peak loads. 

Satellite Circuits: Earth-space communications are main­
tained with weather monitoring geostationary (GOES) and 
polar-orbiting satellites (ITOS). These internal circuits 
are limited to communications between the National Environ­
mental Satellite Service (NESS) and the satellites. NESS 
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relays information to the National Meteorological Center 
(NMC) for internal distribution on national teletypewriter 
and facsimile circuits. The GOES satellite also incorpo­
rates a message relay capability for digital photos to 
designated, small earth stations within the United States. 

NOAA VHF-FH Radio Broadcast of Weather Information on 
Frequencies near 162 HHz: In an important policy state­
ment, the Office of Telecommunications Policy has desig­
nated this system as the only federally sponsored method 
for the transmission of natural disaster warning informa­
tion to receivers optionally available to the general pub­
lic . A total of 331 transmitters will complete the system 
and provide the service to some 95 percent of the nation's 
citizens . As of early 1975, 77 NOAA Weather Radio Stations 
were operational, and others are being rapidly installed. 
An important feature of this service is the tone-alarm, 
which will automatically demute special receivers located 
in schools, hospitals, disaster action agencies, and local 
government offices . These stations, however, have a radio 
coverage of about 40 miles' radius over flat terrain. 
Hence, only metropolitan areas will be served. (More than 
750 stations would be needed to cover 99 percent of the 
population in the continental United States.) 

Defense Civil Preparedness Agency (DCPA) National Warning 
System: This provides audio communications channels for 
two-way communications with official agencies (private 
line, leased voice circuits to county sheriff or equiva­
lent political level). These channels provide for impor­
tant communication to the NWS of spotter visual detections 
and an outlet for warnings to local authorities. 

Local Telephone Networks: These involve manually imple­
mented, selected telephone calls. These are severely 
limited in number by available manpower resources, which 
are in heavy demand during severe weather. Automatic 
telephone answering systems are operated in certain areas 
for confirmation of warning messages. 

In addition, efforts are presently under way by the NWS, 
DCPA, Federal Communications Commission (FCC), and the Na­
tional Industry Advisory Committee (NIAC, representing the 
broadcasting industry) to develop state and local disaster­
warning dissemination procedures, using the Emergency Broad­
cast System (EBS). The EBS is presently designed for the 
President to reach the public during a national emergency. 
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Heavy reliance is placed on commercial radio and TV 
stations for final dissemination of messages, although 
many radio and TV stations do not participate in the NOAA 
Weather Wire Service, principally because of the cost to 
the station and the need to monitor and select the warn­
ing message from the normal weather message. 

The Automation of Field Operations and Services (AFOS) 
is a major step in the right direction. The program will 
result in automation of 280 Weather Service facilities, 
including all 52 Weather Service Forecast Offices (WSFO) 
and 136 Weather Service Offices. The WSFO's will be in­
terconnected with a national communications network called 
the National Distribution Circuit (NDC), planned to oper­
ate in a store-and-forward mode. 

A need exists for the completion of an integrated com­
munication system plan for all NWS and National Environ­
mental Satellite Service (NESS) communication facilities, 
including documentation of existing facilities. The plan 
should be part of the long-range system design plan men­
tioned earlier. The AFOS Program Development Plan (Na­
tional Weather Service, 1976) provides a good beginning, 
but it does not deal with the communication performance 
aspects of AFOS. Considering the importance of communica­
tions to the warning service, the Panel found the lack of 
thorough documentation of present communication facilities, 
and their performance, inconsistent with the communications 
role. Even the development of long-range plans is inhibit­
ed, or degraded, by lack of knowledge of present capabil­
ities. The absence of regular, systematic monitoring of 
the delivery performance of the current warning system 
further obscures the identification of areas requiring 
upgrading. 

In addition, an overall review of the planned AFOS net­
work is needed to establish that long-range warning-system 
requirements will be satisfied for severe-storm peak loads. 
The AFOS computer-communication terminal is planned to per­
form the communications and the station data-processing 
function with two minicomputers and priority protocols. 
As noted earlier, the data-processing and communication 
functions must continue simultaneously. Further, the com­
munication relay must be performed by this terminal, both 
with other WSFO's on the NDC and with intrastate WSO's 
within the state served by the WSFO. However, no quanti­
tative design constraints have been used for the maximum 
warning message time delay in the AFOS communication sys­
tem. Without such design objectives, it is not clear how 
AFOS will contribute to reducing warning message delays 
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that now exist in the NWS office-to-office communication 
networks. 

As initially planned, the use of a single, national, 
loop network as a NDC to interconnect the AFOS stations 
with its inherent message-delay characteristics is not 
consistent with the rapid dissemination requirements of a 
warning service. Other network topologies and operating 
procedures (network control protocols) would improve the 
potential utility of AFOS in the timely delivery of warn­
ing messages and environmental data. Nonloop network top­
ology using digital switching without store-and-forward 
protocol should be considered as one possible alternative. 
Once the network has been established and computer soft­
ware developed, it will not be a simple matter to improve 
on message delivery delays. (The use of nonstandard TV 
signal and display formats within AFOS limits the develop­
ment of real-time video transmission to commercial TV sta­
tions without the use of expensive signal and display 
converters.) Again, system requirements should be used 
as a basis for design and network plans developed accord­
ingly. 

Some immediate attention must be given to improvement of 
communication between WSO's within each state and across 
state boundaries, rather than waiting for the AFOS system 
to be completely installed (planned for early 1981). The 
communication delays experienced in the April 3-4, 1974, 
tornado outbreak are unacceptable in the present state of 
the art. 

ADVANCED COMMUNICATIONS TECHNOLOGY FOR DELIVERY 

A disaster-warning satellite for warning-message dissem­
ination directly to small, portable, voluntarily owned 
receivers within the home is an application of advanced 
technology. 

Recent measurements of building attenuation of satel­
lite signals (Wells and Tryon, 1976), using ATS-6 at 860, 
1550, and 2569 MHz, outline some design constraints to be 
overcome. Higher frequencies are not feasible because of 
rain attenuation. Based on 50 percent of the locations 
within the average midwestern home, the building increased 
the signal attenuation by 4.6 dB at 860 MHz, 6.7 dB at 
"1550 MHz, and 7.5 dB at 2569 MHz. Standard deviations 
were about ±2.6 dB. Signals within mobile homes were at­
tenuated 21 dB at 860 MHz and by more than 21 dB at 1550 
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MHz. Even greater attenuation could be expected at 2569 
MHz. If the home is located among large trees, an addi­
tional attenuation of about 15 dB was observed at 1550 MHz. 
These attenuations would require very large voice-channel 
transmitter powers to achieve reliable transmissions to 
receivers with low-gain antennas within nonmobile homes. 
These satellite power requirements would be achievable only 
with major satellite capability developments. The mobile 
home appears to require an external receiver antenna in 
the present state of the art. 

Advanced technology permits the use of digital address 
codes to selectively alert and warn small geographical 
areas, in contrast to the large areas covered by conven­
tional broadcast stations. These code alert techniques 
require a small computer system to select the appropriate 
addresses for each warning situation, given that useful de­
cision criteria can be established with the present watch­
and-warning message terminology. The crucial problem here 
is to obtain sufficiently low false-alarm rates and high 
reliability at reasonable costs. It is expected that high 
digital transmission rates, perhaps at megabits/second, 
would be needed to avoid excessive warning delays. A sys­
tem design study of the application of advanced communica­
tion technology to the warning message delivery problem 
should, therefore, be conducted after establishment of sys­
tem design requirements. 

The system application of TV warning-message dissemina­
tion requires careful study. The potential of advanced 
technology exists now to consider satellite communications 
for TV distribution from the NWS to commercial radio and 
TV stations, public officials, schools, hospitals, and 
large commercial buildings, as well as NOAA VHF-FM radio 
stations and other NWS facilities. Voluntary public pur­
chase of small (perhaps 4.5-m-diameter antennas) receive­
only earth terminals could be offered. The NOAA UHF-TV 
stations could be developed to cover areas that commercial 
or public broadcast TV stations could not cover under a 
contract management instead of the present voluntary 
method. 

The present policy of using multiple communication fa­
cilities is believed important. Hence, both NOAA VHF-FM 
Weather Radio Stations and UHF-TV Weather Stations should 
be considered, along with satellite audio broadcasts to 
cover remote areas and areas with low population density. 
Radio tone-alarm (coded tones) system concepts, the equiv­
alent of sirens, should be considered for small, low-cost, 
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portable receivers to cover rural areas, lakes, rivers, 
and vehicles in transit. These alternative receiver tech­
niques must be evaluated in terms of public expression of 
the type of receiver facilities desired. Primary empha­
sis should be placed on the UHF-TV stations in the study. 
Tone-and-code selective addressing techniques should be 
considered for any warning delivery transmission system, 
since they can be applied to the NOAA VHF-FM, UHF-TV, com­
mercial radio (AM and FM) and TV, and satellite transmis­
sions. Suitable receivers or receiver modifications may 
be necessary. 

The participation of commercial radio and TV stations 
must be continued. The use of the Public Broadcast System 
TV stations should be encouraged. A satellite/terrestrial 
warning-message delivery system appears to be the most 
reasonable comprise between cost, coverage, and timeliness 
of the warning delivery. 
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12 ISSUES AND RECOMMENDATIONS 

Although relatively little can yet be done to minimize the 
damage to crops and property caused by severe storms, ex­
perience over many years suggests that accurate and timely 
warnings, disseminated effectively to a well-prepared pub­
lic, can do a great deal to reduce the number of persons 
killed or injured. This argument is bolstered by an over­
all sharp reduction in tornado deaths over the last two 
decades, coincident with the growth of efforts to detect 
and warn of impending tornadoes and to provide public in­
formation programs on severe storms. 

The occasional catastrophe, such as the April 3-4, 1974, 
tornadic outbreak is, however, a reminder that there is 
much yet to be accomplished. This chapter, therefore, sum­
marizes the severe-storm-related issues identified by the 
Panel and presents recommendations designed to help to re­
solve them. 

NEED FOR A WARNING SERVICE 

The Panel is convinced that a need exists for improved 
severe-storm warning services. At issue is the perfor­
mance of the present warning service and the question of 
how the present investment of manpower and facilities can 
be augmented to give the maximum increase in system per­
formance with the minimum of increased investments. In 
this, it is important to look both at objectives for the 
immediate future and also at the long-range goals to be 
achieved ultimately. The Panel has worked to identify 
and define issues, and present recommendations, with this 
in mind. 

63 
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THE SYSTEMS APPROACH, USER NEEDS, AND QUANTITATIVE 
SPECIFICATIONS OF LONG-TERM SERVICE GOALS 

The first issue to be addressed in any attempt to improve 
the present services is how to proceed. The Panel be­
lieves that a systems engineering approach, designed to 
stimulate intended recipients of warnings to appropriate 
adaptive behavior in the presence of local severe-storm 
hazards, is required. 

In such an approach, attention must first be focused 
on what is required to produce the desired adaptive be­
havior on the part of the intended recipients of the ser­
vice. One must start with the user and document his spe-­
cific needs. Of necessity, these will be biased by the 
technology and performance of the current warning system, 
but their long-range desires of what service would be 
optimum, should technology continue to advance, should 
also be ascertained. The Panel notes that adequate in­
formation on what is required to produce the desired adap­
tive behavior does not exist, although evidence does exist 
that appropriate adaptive behavior cannot be taken for 
granted, merely because a warning message was delivered in 
a timely fashion. 

In designing a system, current technology is often used 
as the determining factor in setting system requirements. 
In the case of severe storms, it is desirable that user 
needs determine the quantitative objectives for the accu­
racy of the ultimate service desired. These quantitative 
definitions will provide the long-range goals to guide 
the development of the warning service and also the frame­
work within which succeeding generations of technology can 
be implemented without making existing systems obsolete. 

Recommendation II.l. The Panel recommends that the sys­
tems engineering approach be used to direct improvements 
of the current severe-storm warning service. This ap­
proach should include a major effort to determine user 
needs and to set up long-range quantitative goals for 
system performance. These quantitative goals, to be de­
termined on the basis of improved knowledge of user needs, 
should be used to guide future developments of the service 
and to evaluate continuously performance of the system. 

MONITORING AND DETECTION 

The second issue is the role of Doppler radar in severe­
storm monitoring and warning. Here, the Panel concludes 
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that Doppler radar techniques offer the greatest promise 
of any of the presently available techniques for the mon­
itoring of the development of the mesoscale circulations 
that precede the formation of the tornado and for remote 
detection of the tornado itself. The key immediate need 
is to deploy a few more Doppler radars through the tornado­
prone regions of the United States to obtain additional 
experience with these techniques within a reasonable peri­
od of time. Only in this way will we be able to improve 
our present methods and assess their reliability. Simul­
taneously, tests should be made of the possibility of ret­
rofitting Doppler capabilities into existing non-Doppler 
radar as a means of minimizing the cost of a full network 
of Doppler radars. The feasibility of airborne Doppler 
radars, to be used in both hurricane and tornado research, 
should also be vigorously explored, since it is possible 
that a few such aircraft systems might ultimately provide 
a more cost-effective solution than a national network of 
ground-based Doppler radars. 

Recommendation II.2. The Panel recommends that high pri­
ority be given to a program designed to bring the unique 
tornado-monitoring capabilities of Doppler radars to full 
fruition and operational use. 

A third issue concerns improvements to the monitoring 
and detection of flash-flood conditions. Here, area and 
time-integrated radar measurements of precipitation and 
a system of river-flow gauges are required. Greater use 
of self-reporting rain gauges would also be helpful. Ex­
periments of this nature have been conducted for some years, 
but they need to be accelerated so that the operational ap­
plications that they promise may be brought to fruition. 
Another alternative with considerable promise involves the 
use of path-integrated microwave attenuation at a wave­
length of about 1 em. This approach is potentially im­
portant because (unlike the radar approach) it provides a 
measure that is directly proportional to rainfall rate and 
is independent of drop size distribution. 

Recommendation II.3. The Panel recommends that the ex­
isting programs on time- and area-integrated radar mea­
surements of rainfall for flash-flood warning purposes be 
accelerated. 

Recommendation II.4. The Panel recommends the prompt 
initiation of studies of the use of microwave attenuation 
in the 1-cm band for path- and area-integrated rainfall 
measurements for flash-flood warning purposes. 
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NATIONAL WEATHER SERVICE INTERNAL COMMUNICATIONS 

A fourth issue is that the NWS internal office-to-office 
communications do not provide reliable and timely warning 
message distribution. These facilities can, and at times 
do, become overloaded by the addition of severe-storm mon­
itoring observations and the dissemination of severe-storm 
forecasts and warning messages that must continue through­
out the entire storm period. The technology and relay 
procedures used limit the performance of these interoffice 
communication facilities; while the AFOS system is a major 
step in the right direction, additional immediate improve­
ments in communications between weather offices within a 
state and between states are needed. 

Recommendation II.5. The Panel recommends the develop­
ment of an integrated communication system plan for all 
National Weather Service communication facilities, includ­
ing documentation of existing facilities. 

Recommendation II.6. The Panel recommends that the de­
velopment and implementation of Automation of Field Oper­
ations and Services (AFOS) be continued and, if feasible, 
be accelerated, consistent with long-range warning system 
requirements. However, an overall review of the planned 
communication network of AFOS, and its associated hardware, 
is recommended to establish that warning-system perfor­
mance will meet long-range requirements for peak severe­
storm loads. 

Recommendation II.7. The Panel recommends a review of 
present and planned office-to-office relay network equip­
ment and procedures to ensure adequate performance under 
peak loads. 

WARNING MESSAGES 

The following issues in warning dissemination have come to 
the attention of the Panel: 

1. The needs of the public for warning message type, 
content, delivery media, and delivery communications tech­
nology have not been adequately determined. 

2. The warning message types (watch, warning) have 
limitations associated with geographical coverage, deliv­
ery time, false alarm, and missed detections. 

3. The warning message contents (severe-storm informa­
tion) and delivery media (tone-alarm, voice, or written 
message) omit adequate detail about future storm movements. 
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Almost certainly the recipient of a tornado warning 
message needs to be reminded what to do. The description 
of recommended action needs to be kept simple and repeated 
frequently. It should reinforce the content of any ongo­
ing public education programs. Perhaps most importantly, 
the "do it now" recommendations should be broadcast only 
when a confirmed tornado is in the area. If energy is ex­
pended in taking emergency actions that are followed by no 
evidence of a near miss, the call to action in the future 
will gradually go unheeded. 

Recommendation II.B. The Panel recommends an overall re­
view of public needs and message contents, delivery media, 
and delivery communication technology. This review should 
include consideration of the addition of a new type of 
warning message, intermediate between the watch and the 
warning. The review should give emphasis to the use of 
television as a primary means for warning dissemination, 
including the possibility that the NOAA VHF-FM Weather 
Radio Stations be expanded by the addition of UHF TV sta~ 
tions, and to appropriate training procedures of involved 
personnel. 

ADVANCED COMMUNICATION TECHNOLOGY 

Another issue to be raised is that the communication sys­
tems (sirens, radio, and television) for delivery of warn­
ing messages directly to the public are inadequate and do 
not make full use of available advanced technology. 

Recommendation II.9. The Panel recommends that a system 
design study of the application of advanced communication 
technology to the warning message delivery problem be con­
ducted after the system design requirements have been es­
tablished. 

MESSAGE RECEIPT AND RESPONSE 

The ultimate payoff for any warning system is in the re­
sponse generated. Who receives the messages and to what 
extent are appropriate actions taken as a result? This 
broad area of concern includes a number of issues that 
need attention. 

One issue concerns what might be called "the social sci­
ence aspects" of severe-storm warnings. There are instance1 
that suggest that public awareness of an oncoming tornado 
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must be relatively high. In the Omaha tornado of 1975, 
few persons were killed even though the tornado cut a 
swath through a densely inhabited area of the city. Wheth­
er the low death toll was primarily due to broadcast 
warnings or to direct observation of the approach of a 
violent storm, or to some combination of fortuitous fac­
tors, is unknown. Other instances suggest that the public 
has a low level of awareness of the tornado threat com­
bined with a high level of disinterest. It is often as­
serted that the widespread and repeated use of the tornado 
"watch" areas produces cynicism and inattention on the part 
of the public. While the assertion seems reasonable, it 
has never been checked empirically in any systematic way. 

Knowing what to do when one is aware of an impending 
tornado is obviously important. Public education as to 
what is appropriate emergency behavior may be decisive in 
tornado warning response. Toward this end, NOAA, for ex­
ample, distributes information on tornado safety rules, 
and both broadcast media and newspapers donate time and 
space for tornado preparedness announcements. 

In the United States, the NWS is responsible for the 
detection of developing severe storms, for formulating 
appropriate warning messages, and for making those mes­
sages available to all interested broadcast stations and 
any other would-be recipient. The cost of message trans­
mission, however, must be borne by the recipient. Com­
mercial broadcast stations are encouraged by the NWS to 
send out the warning messages promptly and without alter­
ing the content. 

There is no law or related regulation, however, that 
requires any broadcast station to pay for the equipment 
to receive warning messages, nor to broadcast messages 
once received. 

Legally, responsibility for tornado warnings ends with 
the preparation of the messages by the NWS and the broad­
cast of those messages over its own FM radio stations and 
the NWS teletype networks. Thereafter, the process is 
voluntary. 

Proposals for in-the-home receiving equipment that can 
be activated by a government warning source have met with 
little success. 

Many, and perhaps most, local governments have taken no 
responsibility for participation in the warning process. 
Apparently it is rare for local government to require that 
adequate shelters be available for residents of mobile 
home parks, the most vulnerable of all dwelling areas. 

A good case can be made that more responsibility should 
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be taken at the local level for the receipt and further 
dissemination of warnings. The use of sirens to alert 
residents within a community, especially at night, seems 
eminently sensible. Even that idea, however, raises ques­
tions of local funding and local control. 

There are a number of issues that need to be the focus 
of research in the immediate future: 

1. The time aspect is clearly important. How early 
are the messages received by the users, and how frequently 
is the critical information reinforced by subsequent mes­
sages? 

2. To be useful, messages must be understood. It is 
important to learn what proportion of citizens in a watch 
area and in a warning area adequately understand the mes­
sages they receive. 

3. Perhaps even more important is the answer to the 
questions, "Of those who receive severe-storm messages, 
what proportion take action of some type--and what is the 
nature of that action?" 

4. Closely related is the Panel's concern over the im­
pact of "false alarms." To what extent does past experi­
ence with "false alarms," as perceived by the citizen, lead 
to inaction or diminished response in subsequent warning 
situations? 

5. Since the primary objective of a severe-storm warn­
ing system is the reduction of death and injury, it is im­
portant to examine the association between any action taken, 
or inaction, and the incidence and location of casualties. 

6. At present, only nine states lying within the 
tornado-prone region of the United States require manda­
tory tornado drills in public schools. In view of the 
geographical extent of annual tornado occurrences, there 
needs to be a careful examination of the role that state, 
county, and local governments should have in message dis­
semination and public education regarding response to 
severe-storm warnings. 

7. Finally, to the extent that the issues mentioned 
above are clarified through research, it will be possible 
to begin to estimate what changes, if any, are required 
to make the warning system more closely approximate the 
range of user needs. Detailed and comprehensive studies 
of user needs are required in order to design an improved 
warning system. 

The types of research discussed above can be conducted 
in carefully selected areas of the United States within a 
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few years and at modest cost. n1e findings are needed for 
a wide range of policy decisions. 

Recommendation II.lO. The Panel recommends that research 
on the receipt of and response to warning messages, such 
as that discussed above, be conducted in selected areas in 
the United States. 

BUILDING CODES AND PRACTICES 

The prevention of deaths and injuries in tornado incidents 
depends in large part on the structural integrity of build­
ings. It has been shown that improved structural design 
and construction can provide internal reinforced shelters 
(e.g., hallways), where people can be safe from flying and 
falling debris. Such tornado-safe areas should be readily 
available and identified in all public buildings. 

It also appears important to provide economic incentives 
to both builders and property owners to encourage the con­
struction of such buildings . These might take the form of 
lower insurance premiums, tax rebates, or access to fed­
erally insured mortgages. 

Recommendation II.ll. The Panel recommends that recent 
efforts to provide improved structural designs of build­
ings be accelerated and that state and local construction 
codes be modified to require tornado-safe areas, at least 
in public buildings and schools. Local codes are also 
needed to require the secure tie-downs of mobile homes. 
Consideration should also be given to some form of economic 
incentives to encourage construction of tornado-resistant 
buildings and shelters. 

Copyright © National Academy of Sciences. All rights reserved.

Severe Storms:  Prediction, Detection, and Warning
http://www.nap.edu/catalog.php?record_id=19936

http://www.nap.edu/catalog.php?record_id=19936


REFERENCES 

Alaka, M. A., W. D. Bonner, J. P. Charba, R. L. Crisci, 
R. c. Elvander, and R. M. Reap (1973). Objective tech­
niques for forecasting thunderstorms and severe weather. 
Report No. FAA-RD-73-117. Techniques Development Lab­
oratory, Silver Spring, Maryland. 97 pp. 

Atlas, D., and C. w. Ulbrich (1974). The physical basis 
for attenuation rainfall relationships and the measure­
ment of rainfall parameters by combined attenuation and 
radar methods. J. Rech. Atmos. 8:275-298. 

Barge, B. L. (1974). Polarization measurements of precip­
itation backscatter in Alberta. J. Rech. Atmos. 8: 
163-173. 

Boone, L. M. (1974). Estimated crop losses due to hail. 
Agricultural Economics Report 267. Economic Research 
Services, U.S. Department of Agriculture, Washington, 
D.C. 

Brouillette, J. (1966). A tornado warning 
functioning on Palm Sunday in Indiana. 
No. 15. Disaster Research Center, Ohio 
sity, Columbus, Ohio. 

system: its 
Research Report 
State Univer-

Carbone, R. E., D. Atlas, P. J. Eccles, R. Fetter, and 
E. A. Mueller (1973). Dual wavelength radar hail de­
tection. Bull. Am. Meteorol. Soc. 54:921-924. 

Charba, J. P. (1974). Objective forecasts of severe thun­
derstorms from observed surface predictors. TDL Office 
Note 74-1. Techniques Development Laboratory, Silver 
Spring, Maryland. 12 pp. 

Charba, J.P. (1975). Operational scheme for short-range 
forecasts of severe local weather. Preprints of 9th 
Conf. on Severe Local Storms. Am. Meteorol. Soc., 
Boston, Mass., pp. 51-57. 

Darkow, G. L., and R. L. Livingston (1975). The evolution 
of the surface static energy fields on April 3, 1974. 

71 

Copyright © National Academy of Sciences. All rights reserved.

Severe Storms:  Prediction, Detection, and Warning
http://www.nap.edu/catalog.php?record_id=19936

http://www.nap.edu/catalog.php?record_id=19936


72 

Preprints of 9th Conf. on Severe Local Storms. Am. 
Meteorol. Soc., Boston, Mass., pp. 264-269. 

David, c. L. (1973). An objective method for estimating 
the probability of severe thunderstorms using predictors 
from the NMC (PE) numerical prediction model and from 
observed surface data. Reprints of 8th Conf. on Severe 
Local Storms. Am. Meteorol. Soc., Boston, Mass., pp. 
223-226. 

Deardorff, J. W. (1972). Numerical investigation of neu­
tral and unstable planetary boundary layers. J. Appl. 
Meteorol. 11:91-115. 

Donaldson, R. J., Jr., R. M. Dyer, and M. J. Kraus (1975). 
Operational benefits of meteorological Doppler radar. 
AFCRL-TR-75-103. Air Force Cambridge Research Labora­
tories, Hanscom Air Force Base, Mass. 

Eccles, P. J. (1976). Remote measurement of mass and ki­
netic energy of ·hail using dual wavelength radar. Pre­
print of 18th Radar Meteorol. Conf., Oct. 26-29, 1976. 
Am. Meteorol. Soc., Boston, Mass., pp. 192-199. 

Environmental Research Laboratories (1976). SESAME Proj­
ect Development Plan. National Oceanic and Atmospher­
ic Administration, Department of Commerce, Boulder, 
Colo. 42 pp. 

Fujita, T. T. (1975a). Super outbreak tornadoes of April 
3-4, 1974. University of Chicago, Chicago, Ill. 

Fujita, T. T. (1975b). Detection of severe storms by sat­
ellites. Proc. of 3rd Symposium on Meteorol. Observa­
tions and Instrumentation. Am. Meteorol. Soc., Wash­
ington, D.C. 

Galway, J. G. (1956). 
latent instability. 
529. 

The lifted index as a predictor of 
Bull. Am. Meteorol. Soc. 37:528-

George, J. J., et al. (1960). Weather Forecasting for 
Aeronautics. Academic Press, New York. 673 pp. 

Georges, T. M., and G. E. Green (1975). Infrasound from 
convective storms. Part IV. Is it useful for storm 
warning? J. Appl. Meteorol. 14:1303-1316. 

Grotjahn, R., and J. J. O'Brien (1976). Some inaccuracies 
in finite-differencing hyperbolic equations. Mon. 
Weather Rev. 104:180-194. 

Haltiner, G. J., and R. T. Williams (1975). Some recent 
advances in numerical weather prediction. Mon. Weather 
Rev. 103:511-590. 

Harold, T. w., E. J. English, and C. A. Nicholas (1974). 
Accuracy of radar-derived rainfall measurements in 
hilly terrain. Quart. J. R. Meteorol. Soc. 100:331-
350. 

Copyright © National Academy of Sciences. All rights reserved.

Severe Storms:  Prediction, Detection, and Warning
http://www.nap.edu/catalog.php?record_id=19936

http://www.nap.edu/catalog.php?record_id=19936


73 

Howcroft, J. G. (1971). Local forecast model: present 
status and preliminary verification. Nat. Meteorol. 
Center Office Note 50. National Oceanic and Atmospher­
ic Administration, Suitland, Md. 6 pp. 

Jameson, A. R. (1976). Use of the ratio of radar reflec­
tivity factors at 10 and 3 em in hailstorms observa­
tions. Preprints of 17th Radar Meteorol. Conf., Oct. 
26-29, 1976. Am. Meteorol. Soc., Boston, Mass., pp. 
173-180. (Also to appear in Ph.D. dissertation by 
same author, Dept. of Geophy. Sci., University of 
Chicago, Chicago, Ill., 1977). 

Klein, W. H., and H. R. Glahn (1974). Forecasting local 
weather by means of model output statistics. Bull. Am. 
Meteorol. Soc. 59:1217-1227. 

Leith, c. E. (1975). Numerical weather prediction. Rev. 
Geophys. Space Phys. 13:681-684. 

Madden, R. A. (1976). Estimates of the natural variabil­
ity of time-averaged sea-level pressure. Mon. Weather 
Rev. 104:942-952. 

Meriless, P. E. (1977). 
in spectral models. 
lished). 

On horizontal truncation errors 
Mon. Weather Rev. (to be pub.,. 

Mileti, D. S. (1974). A normative causal model analysis 
of disaster warning response. Unpublished Ph.D. dis­
sertation, Dept. of Sociology, University of Colorado. 

Mileti, D. s. (1975). Natural hazard warning systems in 
the United States: a research assessment. Monograph 
No. NSF-RA-E-75-013, Institute of Behavioral Science, 
University of Colorado. 

Mileti, D. s., T. E. Drabek, and J. E. Haas (1975). Human 
systems in extreme environments: a sociological per­
spective. Monograph No. 021, Institute of Behavioral 
Science, University of Colorado. 

Miller, R. G. (1972). Notes on analysis and severe storm 
forecasting procedures of the Air Force Global Weather 
Central. Technical Report 200 (Rev.). Air Weather 
Service, U.S. Air Force. 170 pp. 

Miller, S. R., and C. L. David (1971). A statistically 
generated aid for forecasting severe thunderstorms and 
tornadoes. Preprints of 7th Conf. on Severe Local 
Storms. Am. Meteorol. Soc., Boston, Mass., pp. 42-44. 

National Advisory Committee on Oceans and Atmosphere (1973). 
A report to the President and the Congress, 2nd Annual 
Report. U.S. Government Printing Office, Washington, 
D.C. 

National Oceanic and Atmospheric Administration (1974). 
The widespread tornado outbreak of April 3-4, 1974. 

Copyright © National Academy of Sciences. All rights reserved.

Severe Storms:  Prediction, Detection, and Warning
http://www.nap.edu/catalog.php?record_id=19936

http://www.nap.edu/catalog.php?record_id=19936


74 

Natural Disaster Survey Report 74-1. Department of 
Commerce, Washington, D.C. 

National Weather Service (1976). Program development plan: 
automation of field operations and services. National 
Oceanic and Atmospheric Administration, Department of 
Commerce, Washington, D.C. 

Puri, I., and w. Bourke (1974). Implications of horizon­
tal resolution in spectral model integrations. Mon. 
Weather Rev. 102:333-341. 

Reap, R. M. (1972). An operational three-dimensional tra­
jectory model. J. Appl. Meteorol. 11:1193-1202. 

Reap, R. M. (1974). Thunderstorm and severe probabilities 
based on model output statistics. Preprints of 5th 
Conf. on weather Forecasting and Analysis. Am. Meteorol. 
Soc., Boston, Mass., pp. 266-269. 

Reap, R. M., and M. A. Alaka (1969). An objective quasi­
Lagrangian index for predicting convective weather out­
breaks. Proc. of 6th Conf. on Severe Local Storms. Am. 
Meteorol. Soc., Boston, Mass., pp. 119-124. 

Reap, R. M., and D. s. Foster (1975). New operational 
thunderstorms and severe storm probability forecasts 
based on model output statistics (MOS). Preprints of 
9th Conf. on Severe Local Storms. Am. Meteorol. Soc., 
Boston, Mass., pp. 58-63. 

Showalter, A. K. (1953). A stability index for thunder­
storm forecasting. Bull. Am. Meteorol. Soc. 34:250-
252. 

Shuman F. G., and J. B. Hovermale (1968). An operational 
six-layer primative equation model. J. Appl. Meteorol. 
7:525-547. 

Stackpole, J. D. (1967). Numerical analysis of atmospher­
ic soundings. J. Appl. Meteorol. 6:464-467. 

Taylor, B. C., and K. A. Browning (1974). Towards an 
automated weather radar network. Weather 29:202-216. 

Wells, P. I., and P. V. Tryon (1976). The attenuation of 
UHF radio signals by houses. OT Report 76-98. Insti­
tute for Telecommunication Sciences, Office of Tele­
communications, U.S. Department of Commerce. Available 
from NTIS, PB 258447/AS. 

White, G. F., and J. E. Haas (1975). Assessment of Re­
search on Natural Hazards. MIT Press, Cambridge, Mass. 

Willis, T. G. (1969). Characteristics of the tornado en­
vironment as deduced from proximity sounds. Proc. of 
6th Conf. on Severe Local Storms. Am Meteorol. Soc., 
Boston, Mass., pp. 222-229. 

Copyright © National Academy of Sciences. All rights reserved.

Severe Storms:  Prediction, Detection, and Warning
http://www.nap.edu/catalog.php?record_id=19936

http://www.nap.edu/catalog.php?record_id=19936


75 

Additional Reading 

Committee on Science and Astronautics (1974). Hearings 
on H. R. 9811, November 6, 7, and 9, 1973. No. 23, 93rd 
Congress, 1st Session, before the Subcommittee on Space 
Science and Applications. u.s. Government Printing 
Office, Washington, D. C. 

Copyright © National Academy of Sciences. All rights reserved.

Severe Storms:  Prediction, Detection, and Warning
http://www.nap.edu/catalog.php?record_id=19936

http://www.nap.edu/catalog.php?record_id=19936


Copyright © National Academy of Sciences. All rights reserved.

Severe Storms:  Prediction, Detection, and Warning
http://www.nap.edu/catalog.php?record_id=19936

http://www.nap.edu/catalog.php?record_id=19936


STATISTICS OF APRIL 3-4, 1974, TORNADOES 
BY T. THEODORE FUJITA, THE UNIVERSITY OF CHICAGO 

(See map inside back cover) 

This superoutbreak of 148 tornadoes in 16 hours and 10 
minutes was the largest number on record . The total path 
mileage was 2598 miles. Over 300 persons were killed, 
while 5484 others were injured. 50,000 experienced the 
twisters' fury, which they will never forget, and many peo­
ple were "scared to death." Statistics of fatal injuries 
are: 74% in houses and buildings, 17% in mobile homes, 
6% in automobiles, and 3% en route to shelters. 

The tornado outbreak began at 1:10 p.m. on April 3 and 
ended at 5:20 a.m. COT on April 4. During the height of 
the tornadoes, 15 twisters were on the ground simultan­
eously. 

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 5:30p.m.); Livingston, Tenn. (7:30 and 11:30 p.m.); 
Cleveland, Tenn . (3:05 and 5:05p.m.); Tanner, Ala. (7:00 
and 7:30p.m.); Harvest, Ala. (7:15 and 7:45p.m.); and 
Huntsville, Ala . (10:55 and 11:05 p.m.). 

Each tornado left behind something unusual. Local resi­
dents will remember their awesome experiences for years to 
come. Following are some noteworthy examples. 

Monticello Tornado (No. 13) was the longest-track tor­
nado, which left a 121-mile path in Indiana. 

Windsor Tornado (No. 30) crossed the International 
boundary twice, from the United States to Canada and back 
to the United States without passport. 

Parker Tornado (No . 33) had seven minifunnels inside, 
the greatest in number. 

Xenia Tornado (No. 37) killed 34 persons, the most 
fatalities by a single twister. 
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Depauw Tornado (No. 40) deposited a car into the base­
ment, after blowing away the two-story frame house. 

Sayler Park Tornado (No. 43) was the only tristate tor­
nado. It originated in Indiana and lifted in Ohio, pass­
ing through Kentucky. 

Brandenburg Tornado (No. 47) crossed the Ohio River, 
causing a significant fall and subsequent rise of the water 
level. 

Louisville Tornado (No. 48) uprooted the largest number 
of trees in urban areas. Cherokee Park was hardest hit. 

Frankfort Tornado (No . 54) left the widest path, 5 
miles wide near Stamping Ground. 

Obey River Tornado (No. 87) descended into a 1000-ft 
deep canyon with its full strength and then climbed to the 
top of the cliff on the other side. 

First Tanner Tornado (No. 96) killed six persons in one 
family in a brick house. All were blown into a pine for­
est, 250 ft away. 

Harmony Tornado (No. 97) and Second Tanner Tornado 
(No. 98) moved over the same house. The house was un­
roofed by the first one, and the second twister took the 
whole house away. 

Guin Tornado (No. 101) path appeared distinctly in pic­
tures taken by NASA's Earth Resources Technology Satellite, 
600 miles above the earth. Path was still visible in Octo­
ber. 

Blue Ridge Tornado (No. 120) moved over the 3300-ft 
Betty Mountain, the highest of all tornado paths. 

Murphy Tornado (No. 121) left behind the largest num­
ber of debarked, shiny trees. Leaves were completely 
stripped off. 

Meadow Bridge Tornado (No. 137) was the worst predawn 
tornado in the mountains . 
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