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AUTHOR'S PREFACE

In March of 1948 at Tinker Air Force Base, the author, working under
Lt Col E. J. Fawbush, experienced a tornado that struck the base without
warning and caused severe damage. The Commanding General of the
Oklahoma City Air Materiel Ares asked us Lo try Lo find o way to forecast
such occurrences. We analyzed many past cases, searched the existing tornado
. literature and found & report by Showalter and Fulks of the US Weather
Burean most valuahle. A week later when synoptic conditions similar to the
previous storm appeared we forecast a tornado to hit the base, and fortunately
for us, the forecast verified. Since that time Air Weather Service has been in
the severe-storm forecasting business and 1 have been associated with il
almost continuously. A number of papers by Fawbush and Miller appeared in
the journals during the 1950s which described the methods used, culminating
in AWS Manual 105-37 (2 ed 1956). Since then much research on severe
storms has been carried out by the Air Weather Service (AWS) and athar
sgencies including major contributions by the Severe Local Storms (SELS)
unit of the National Weather Service,

Though better data (radar, more rapid collection, ete), electronic data
processing, and extensive practical experience have benefited the severe-storm
forecaster, the vriginal empirical forecast rules described in [ 22 7 and based,
in part, on earlier work done by those vitally interested in the field {25, 41,
45, G1, 63 J, are still basically sound, but have undee gone modification,
refinement, and amplification over the years. Highly significant contributions
in the field of operationu] severe-storm forecasting have been made by many,
especially [ 5, 113, 16, 28, 38, 39, 40, 47, 51, 59 2, and progress will continue to
be made by both the research meteorologist and the forecaster faced with day-
to-clay operational reguirements.

Te facilitate the training of forecasters newly assigned (o the former AWS
Military Weather Warning Center (MWWC) at Kansas City, Missouri, the
first AWS Technical Report 200 was compiled in a piecemeal fashipn over
severnl yenrs al those times when the elements gave us some respite from the
forecast room. After careful consideration, it was published for wider
distribution in 1967 since AWSM 105-37 was almost entirely obselete and
long out of print. On 1 February 1970, the MWWC was deactivated amd the
severe westher respunsibility transferred to the AWS Air Force Global
Weather Central (AFGWC) at Offutt AFB, Nebraska, This move was made to
tuke advantage of the AFGWC computer complex and the programming
talent available. Since this transfer, the AFGWUC has continued development
and refinement of those forecast technigques described in this report with
primary emphasis on the development and use of computerized products.
Much curiosity about our automated products and current procedures has
been expressed and it is felt that recipients of AFGWC severe weather
advisories and point warnings would benefit from this updated report.

This report is not intended in itself to describe all about how Lo forecast
severe storms nor Lo necessarily equip one to forecast them. The inherent
nature of the procedures, with their unavoidable subjective aod “experience’”’
element, and the large day-to-day fluctuation in availahle data, charts, and
technigues used, plus the varied types of synoptic situations precludes satting
forth a rigidly fixed owtline of charts end provedures. In fact, the original
manuscript of this report consisted only of a collection of notes for use as
collateral reading by our trainees, with considerable overlapping and gaps.
Personnel of the Aerospace Services Direclordale in HG AWS Kindly selected
certain of these materials and carefully arranged them under suitable
headings in a reasonable order and coherency.
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It will be obvious that while the procedures used in forecasting severe
slurms are largely empirical, they are predicated on sound ratisnal or physical
bases. There is a high degree of redundancy in the analysis and forecast
procedures, This redundancy will ondoubtedly often confuse the reader,
although it is, we believe, the keystone to such success as has been achieved in
our forecasting. Basically, severe storms are mesascale phenomena which are
necessary to treat by the analysis of macroscale observations; this leads us to
depend directly on the inferences of mesascale processes from macroscale
patterns. Their relations are so manifold and complex, that for each time and
area we have to exploit different parameters or different aspects and
combinations of parameters. We now believe that computerization will
eventually simplify and gquantify these relations

Because severe-weather forecasters are a small and close-knil unil
working in some solation from other forecasters, o special language or lingo
has developed which may be unfamibar and make communication with
others difficult, We have, we hope, defined such special terminology where it
first appears and in an appended glossary. Likewise the many specinl
parameters plotted on our charts require special symbols, which for
convenient reference are shown on a fold-out sheet in Figure 99

‘There is no one way to use this report, since the chapters ure somewhat
independent. The muterials are presented in an order used in our training
program, but other readers may find it more logical o begin with Chapters 5
then 4, 3, 2, and 1. The later chapters are more specialized. Chapter 11 is
intended for AWS hase weather slations,

Hegarding the "case studies’” in Appendices B, C, 1), E, F, and G, we wish
to state thal these situations, while typical for the phenomena, wera not
chosen on the basis that the forecasting worked especially well, They are
representative in all respects except that adequate data were available in
each one,

I wish Lo express my gratitude to Capt A. B. Prewitt, Jr. and Capt Robert
A. Maddox for the preparation of the numerous figures in Lthe report. Special
recognition must go to Mai Millard F. Page, USAF (Het) for his overall
ussistance and for his detailed research on Chapter 7, and to CWO Lewis W,
Barlett and CWO Andrew Waters, [ISAF (Ret) for their assistance with
Chapter 8. 1 also wish to express my appreciation to Lt Col Arthur Bidner fur
his invaluable assistance on the development of the SWEA'T Index and his
help in writing Appendix F

ROBERT C. MILLER, Colonel, lISAF (Ret)
Chief Scientist

Analysis and Forecast Section

Air Force Global Weather Cenrtral

Offutt AFB NE 68113

March 1972
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Chapter 1
THE ANALYSIS ROUTINE

SECTION A—GENERAL

Successfu] tornado and severe-thunderstorm
forecasting is largely dependent wupon the
forecaster's ability o carefully analyze,
coordinate, and assess the relative values of a
multitude of meteorological wvariables, and
mentally integrate and project these variables
three-dimensionally in space and time. Chart
analysis is the standard basis in  weather
forecnsting, bul the severe-wenther forecaster is
concerned with unconventional features on charts,
and works with o number of analyscs not
normally required to make other routine types of
wenther forecasts. The AFGWC analyses
incorporate all available data and care is taken
not to ignore, changs, or smooth data which may
at first appear to be in error. The severe-weather
furecaster is primarily concerned with synoplic
features smaller than the existing synoptic
network, and must pay meticulous attention to
transitory features and minor changes in the
atmosphere, This attention to detail requires a
highly organized approach to the analysis
problem.

The analysis rationale of each type of chart
prepared ot AFGWC is discussed in the following
seclions and the reasons for concentrating on
rpecific features are given, A detailed analysis of
the three-dimensional picture is the goal and no
data are disregarded without overwhelming
evidence of error. The principles of continuity sre
followed on all analyses and careful consideration
is given to the possibility of persistence of
previously noted features

The -collocation of the severe wenther
function with AFGWC provides many useful and
automated products; the benefits from timely
receipl of highly accurate surfece and upper air
prognoses and other specified charts are
incaleulable. These products and their
incorporaiion into the daily routine of the severe
weather forecaster are described in Appendix F.

SECTION B—CONSTANT PRESSURE
CHARTS

The analyses on constant pressure charts
stress the importance of the wind and
temperature fields rather than the height feld.
The contours are drawn for small intervals to

insure the identification of minor features and to
avoid the lendency to smooth the analyses 1f
possible, closed or detached centers are avoided
and contours are drawn to imply the air-mass
souree regions. This approach somelines results
in very long narrow ribbons on the charts, butl
such ribbons frequently have been obzerved to
exist in the atmosphere £03, 23, 35 7. The annlyses
al 8i0-mb, 700-mb, and H00-mh are primarily to
outline the moisture and temperature
distributions, but height contours are deawn o
supplement the streamline analyses in the event
many winds-aloft reports are missing. Figures 1-7
discussed in the (ollowing paragraphs illustrate
the analysis techmiques for the Palm Sunday
tornado situation of April 11, 1965,

The temperature and dew-point liclds on the
B60-mb chart are apalyzed for 2°C intervals, and
their respective ridges are located accurately.
Areas where dry and moist air lie in juxtaposition
are particularly noted. Contours are drawn (or 30-
or fifl-meter intervals, and the wind-field analyses
show the maximum-wind band or low-level jets,
areas of convergencs, and imporlant directional
and speed shears. If evident, frontal systems are
entered and 12-hour changes in the temperature
and dew point noted. Figure | is an example of a
typical B50-mb analysis. Contours and minar
wind-field characteristics have been deleted so
that the warm ridging and the moist and dey-air
boundaries are clearly visible, Isopleths are
isotherms and dew-point lines.

The TO}-mb chart analysis is similar to the
850-mb analysis, but the moisture field and the
lncation of dry-air tongues are of primary intarest
at this level. Dry tongues are areas of dew-point
spreads greater than 6°C, or relalive humidities of
less than 50% . Thermal troughs are located along
with the 12-hour no-change lines of temperature.
In the wind-field analvsis, special emphasis is
given to fhe cross-isotherm flow, rates of warm
and cold advection, and speed and direction of
movement of dry-air intrusions. Heighl and
temperature falls are noted and areas of
convergenve and diffluence indicated. A typical
700-mb analysis iz shown in Figure 2. In this
example, one car see that the emphasis was
placed on locating the dry and moist arcas, max-
wint axes, sotherms, and the 12-hr no-change
lines of temperature,
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The 500:mb chart analysis is similar to the
700-mb and B50-mb analyses, except that height
falls are analyzed at 20- or 40-meter intervals. As
shown in Figure 3, primary altention is given to
the muoisture feld since the severe-weather
forecaster knows that moist and dry regions are
often related to the vertical motion fields (e.g.,
moist areas associated with positive vorticity
advection.) Significant moisture at 500 mb is
defined as a dewpoint of -17°C or warmer or
temperature dew-point spreads of 6°C or less
Branching in the jet slructure is another
important feature at 500 mb since branching
defines covergent and diffluent areas. On Figure 3
isutherms and isodrosotherms are drawn.

SECTION C—GUIDES TO UFPER-AIR
ANALYSES

Severs weather forecasters have developed ar
nddopted o number of rules for guidance in the
preparation of constant-pressure analyses. These
rules, though very general, in our experience have
proven to be right much maore often than wrong.
Many forecasters probably will recognize must of
them as rules they have used in analysis, or for
the interpretation of analysis

a. Divergence associated with an upper cold
front at 8,000 to 12,000 feel usually occurs with a
goibh-to-north  flow, and careful inspection
usually will reveal more 700-mb maoisture in the
area of the weakest winds than in the area of
strongest flow to the east

b, When a tongue of cold air extends
southward from a cold reservoir, or a cold pocket
beging Lo form, careful streamline analysis often
will show the existence of a weak trough.

¢, Isopleths of temperature, mixing raftin,
and height will tend to parallel streamlines, and
analyses should indicate this tendency without
disregarding data. This concept accentuates
minor Lroughs and ridges and makes the source
regions of anomalies more obvious ;

d. Tongues, ribbons, or pockets of moisture
often indicate the intersection of the constant-
pressure surface with frontal surfaces and sreas
of upward vertical motion.

& Wind shifts have been found to precede
advection of temperature and moisture up to six
hours, but the advection rate is dependent on the
contour gradient.

f. Minor temperature troughs and ridges are
frequently reflected in corresponding streamline
troughs and ridges in the wind field.

g. Some warm areas on the lee side of the
Rocky Mountains are the result of katabatic flow.

h. Some moist arcas on the 700-mh chart
over the region west of the Continental Divide are
due to orographic lift of a lower moist layer.
However, these moist areas will not continue
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castward at this level unless the lower air is
extremely cold.

1. If a moisture ridge alofl is parallel to the
streamlines, and no other discontinuily appesrs,
an old warm front may be responsible for the
moisture ridge.

J. Severe-weather forecasters have noled
that the subsidence of a warm frontal surface
often 15 revealed by a decrease in the dew point
with time without a corresponding significant
change in Lthe free-air temperature,

k. A moisture ridge more or less
perpendicular o the streamlines may be the
result of moisturs being carrivd up a warm frontal
surface. The rate of advection of this moisture
ridge is normally about one-half the mean wind
speed in that luyer.

. Warm and cold pockets at the B00-mb
level are usually associated with the large-scale
features, These pockety are carefully tracked since
cold-air advection causes wind Lo back and
ingrease, and warm-air advection causes winds to
veer and decrease,

m. The sudden appearance of moisture at
the 700-mb andlor 500-mb levels, that cannot be
explained by pure advection from o moisture
source, 18 probably the reanlt of vertical motion,
Such areas may be related to regions of positive
vorticity advection and may be observed by the
development and movement of middle-level
clouds. Monileoring  the movement of this
cloudiness will help provide continuity on Lhe
vorticity centers between radiosonde reports, and
will assist in estimaling the accurncy of the
forecast fields ot vertical motion on tha facsimile
charts.

n. A well-delined region of significant
positive wvorticity advection is almost always
present in major severe-weather outbreaks and, is
undouhtedly present, but not necessarily
observed, in minor outhbreaks. Therafora,
meticulous use of the more dense and readily
available surface dats 15 required Lo locate small,
migratory areas of middle cloudiness.

. The 850-mh chart 15 valuable in defining
and evaluating the three-dimensional picre,
The zanalysis is very useful for estimating changes
in stability, and in locating fronts, temperalure
tongues and moisture ridges.

p. A minor trough in the wind field at 850-
mhb is sometimes the first indication that
advection of moisture from a source region will
occur; or, if a moist layer is already present, the
appearance of this trough is vsusally followed by
an increasa in the depth of the maoist layer.

q. The appearance of a trough in 4 previous
westerly flow may indicate strong advection of
warm air to Lhe west of the trough,
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SECTION D—SURFACE CHART

The surface chart with its relatively dense
network of stations and more frequent reporting
times is probably the most valuable chart
available Lo the severs-weather forecaster. It is
analyzed for an isobar interval of no greater than
2-mb, and often less, to define the pressure field
sccurately. Attention is given te transitory map
features such as highs, lows and frontal systems,
and to smaller-scale features such as meso-
anticyclones and mesolows. Any line of
discontinuity, no matter how unimportant it may
seem, is located carefully and followed from chart
to chart and close attention is given to local
changes in weather, cloud cover, pressure,
lemperature, and dew point. Hourly radar reports
are monitored and compared o the features
analyzed on Lhe surface map. The isallobarie,
termperature, and moisture fields are studied and
transitory lines of discontinuity are watched to
determine if any are likely to intersect one
another. Figure 4 shows the eritical sir-mass
differentiation aned characteristics, the low-level
Mow, and aren of masximum-pressure falls.

The surfuce unalysis is extremely important
fur two reasons:

8. Hourly continuity is possible. Severe-
weanther forecasting requires surface analysis st
intervals of three hours and in eritical situations
as often as hourly,

b. Since the surface observations are much
more dense than the upper-air reports, a variety
of surface parameters can be used to infer the
movement and development of upper-air features,

The severe-wenther forecaster attempts to
discover every small perturbation that will affect
the stability of the air column, influence the
formation of thunderstorme;, or indicate the
existence or development of a squsll line.
Preparation of the surface chart requires the close
scrutiny of every routine and special observation
that can be secured. However, the constant-
pressure and winds-alofll charts must be referred
to before changes are entered on a surface
analysie. The surface observations are valuable
guides for revealing changes taking place in the
three-dimensional picture. Examples of these
clues and their implications are described below:

g, Lifting of the ceiling and the decrease of
cloudiness indicate a decrease in the mean
relative humidity.

b. A frequent cause of rapid clearing of low-
level cloudiness is subsidence in the lower five to
gix thousand feet.

¢. Rapidly falling pressure north of & warm
front may indicate a rapid influx of moisture over
a relatively flat portion of the frontal surface.
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d. Occasionally, rapidly falling pressures
also may indicate the position of tha mid-level jet
axis, especially when the maximum winds exceed
50 knots from near 10,000 feet upward.

€. The eastern boundary of the isallobarie
fall pattern will often show narrow troughs of
rapidly falling pressures. These (roughs are
generally oriented from W8W to ENE, are
persistent, and are useful in locating aress of
heavy thunderstorm activity well to the north and
east of the surface front

f. Rapid pressure rises are usually a sign of
frontal passage, tut can be an indicator of the
passage of a strong trough aloft or of a downward
surge of the upper winds. The rising pressures due
to a downward surge are common in
thunderstorm areas, but regardless of a
thunderstorm report, the reported pressure ig
included in the analysis.

B Strong gusts of surface winds are often
due to downward surging of upper winds and are
common behind maritime polar fronts, Isotachs of
surface wind gusts (when peak gusts are reported
from a number of stations) are helpful in
determining the axis of maximum surge aloft,
This surge axis often points to the most likely
severe-wenther area downstream.

h. Reports of altocumulus castellanus and
other signs of instability aloft are the first clues to
high-level precipitation and frequently high-level
thunderstorms. Experienced scvere-weather
forecasters have noted that precipitation inta the
drier air below 15 often followed by squall-line
development. Such development is particularly
frequent un the eastern slopes of the Rockies and
shead of a rapidly moving eold front. To
supplement the surface and radar-coverage charts
the AFGWC maintains an “activity’’ chart on
which are plotted all reports of thunderstorms,
clouds with vertical development, wind gusts,
wind shifts, showers, and various other reports
related to severe aclivity. The chart is plotted
each hour and enables the forecaster to follow
developments in time and space, and to maintain
continuity on various parameters,

SECTION E—MISCELLANEOUS CHARTS
AND OTHER DATA

The winds aloft are analyzed to at least
25,000 feet. Streamlines are drawn on the 2,000,
4,000, 6,000, 8,000, and 10,000-foot charts, and on
the maximum-winds charts, The maximum-winds
charts depict the strongest winds in the lower
5,000 feet and also between 10,000 and 20000
feet. Figure 5 is such as analysis for the strongest
winds in the lower 5,000 fest . The streamline
analyses often define features not readily
apparent on the standard constant-pressure
charts, such as relatively small troughs, ridges,
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cyclones, anticyclones, and areas of streamline
convergence or divergence. All of these features
have value for implying changes in moisture and
temperature, and for pointing to areas favorable
for squall-line formalion

Tsotachs are drawn as required for the 12,000,
14,000, 16,000, 18,000, 20,000-foot levels and on
the midlevel max-winds chart. Included also are
the jet axes, well-defined horizontal speed shears,
and zones of convergence and diffluence. Study of
these features serves lo limit the size of the
forecast areas and provide additional clues to
squall-line formation and movement. These
analyses often alert the severe weather forecaster
to physical changes which may soon oceur in the
air-mass structure. The following examples
ilustrate such changes:

a. A minor trough in the wind field often is
the first indieation of advection of moisture from
HoBOUECE Tegion,

b, The appearance of a trough 15 often
followed by an increase in the depth of & moist
laver,

¢. The appearance of a trough at a level in »
weslerly flow often indicates strong, warm-oir
advection al lower levels to the west of the
Lrpugh's position,

d. Divergent flow aloft sometimes indicates
the presence of an upper cold front.

The jet-chart includes the maximum wind
reported, the height of this wind, and the height
and temperature of the tropopause. This chart
and the 200.-mb chart are used primarily for
locating the upper jet, areas of diffluence, and
strong horizontal speed shears. The height and
temperature of the tropopause are used primarily
for the determination of thunderstorm cloud tops.

The B50/500-mb thickness chart (Figure 6) is
analyzed and on it the location of the important
thickness ridges and zones of maximum
anticyclonic shear in the thermal wind field are
noted. Twelve-hour thickness changes are
analyzed for 20-meter intervals and the axes of
maximum cooling are noted. Twelve-hour no-
thickness-change lines are analyzed and the
plotted Showalter Stability Index values
examined. The Total Totals are analyzed for
intervals of 2 or 4 usually starting with a value of
44 The Vertical Totals and Cross Tolals analyses
are left to the discretion of the forecaster.

Soundings are analyzed primarily for the
Lifted Index, the Level of Free Convection, size of
hail, height of the Wet-Bulb-Zero and the
Downrush Temperature. Figure 6 shows
thickness, 12-hr thickness change, Total Tutals
analysis, thickness ridge lines, and 12-hr no-
change thickness lines.
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The NMC 500 mb Barotropie, Baroclinic, and
Limited Area Fine Mesh (LFM) analyses and
prognoses are examined to locate areas of positive
and negative vorticity advection,

The Composite Chart consolidates all the
analyzed and forecasl parameters ontn one map.
The AFGWC uses the latest available surface
chart as a base for the Compaosite Chart and
updutes this map throughout the forecast period.
There are no rigid rules for entering information
from the other charts onto the Composite Chart,
hut severc-weather forecasters generally follow
the same procedures. The type of information on
the Composite Charts varies according to the
vaguries of the given situation

Figure 7 is the Composite Chart with the
basic surface data and onalysis deleted  to
climinate as much confusion as possible. In
practice, the Composite Chart features arc in
color, However, in this report the charts could not
he reproduced in color, so the parameters Are

distinguished by different  symbolizutions  not
necessarily on  the manuscript charts. The
procedures und color schemes followed in

constructing the manuseript Composite Charts in
actual practice are given in Appendix G. The
stippled area is the extenl of severe-weather
oceurrences. The smaller areas outlined by
dashed double lines located the major tracks and
occurrences of tornadoes,

The Composite Chart enables the severe-
woather forecaster to consalidate the numerous
parameters involved in making a severs
thunderstorm  forecast. This three-dimensional
picture permits an dssessment ol the strength of
the parameters, their relationships Lo each other,
and their relative importance in given situations,
Since the picture preserted is essentially static
the forecaster will usually find il necessary to
predict the probable changes in the various
parameters in space and Lime. The forecaster
must determine whether missing parameters will
develop or not, whether the paramelers present
will persist, and whnether or not the parameters
will be properly distributed in geographical area
at the critical time. Extreme care is taken to
insure that all factors are considered and that all
probable changes in the surface and upper-air
patterns are anticipaled.

In practice, the AFGWC [orecasters rely
heavily on the 12-, 24- and 36-hour fine mesh.
prognoses produced routinely from the AFGWC
data base for the movement of upper air features
850 mb and above and the Boundary Layer
Model (BLM) for the positioning of those features
at and near the earth's surface. In addition, close
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attention ig given to NMC prognoses including the
LFM products and adjusted surface prognostic
charts.

The forecasters use their own skill in
predicting the short-range movement of the more
transitory or sophisticated parumeters involved in
Lhe specinlized severe-weather forecast
procadures. No hard and fast rules for prognosis
of these parameters can be derived at this time.
Instead; the forecaster must rely on meticulous
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attention to detail, experience, and the ability to
anticipate the probable changes in the
atmospheric structure. The cardinal principle of
severe-weather forecasling is to develop a
detailed understanding of the current synoptic
situation and trend over the past several hours.
There is no other way under Lhe present state of
the -art to anticipate the short-range changes in
the surface and upper-air pattern which result in
severe-wealher oulbreaks.
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Chapter 2
SEVERE-WEATHER AIR MASSES

SECTION A—GENERAL

Severe weather is the product of a highly
unstahle atmosphere, This great instability is the
result of the muodification of a more stable
almosphere usually by a combination of two or
more of the following provesses:

a. Temperature advection at various levels

b, Moisture advection at various levels

e, Insolation and radiation,

d. Evaporation and condensation

e. Large-scale verlical mobon,

The severe-weather forecaster must
determine what air-mass modifications will result
fram the petion of these processes,

In the absence of frontal activity and radical
changes in cloud cover, the amount of heating uf
the lowest stratum of the stmosphere by
insolation can usuully be determined by
examination of the previous doy's temperature.
Comparison with the latest upper-air soundings
then gives o good approximation of the height to
which convective currents may be expected to rise,
and the size of the positive area s a clue to the
intensity of the vertical motion

Advection of temperature is usually fairly
obvious from comparison of the wind and
temperature fields, but the effects of subsidence
and forced lifting over large areas must be taken
inte account.

The advection of moisture in the low and
middle Jevels is often not so obwvious.-In the
ahsence of other information, it is usually best to
assume motion in the direction of the wind, at
H0% of its speed.

When the air aloft is rather uniformly dry, so
that any moisture increase must come from lower
levels, cunvection or lifting must be of an intensily
capable of penetrating the dry layer with
significant amounts of moisture.

SECTION B—AIR-MASS TYPES

The various air masses common fto the
United States vary markedly in their capability of
producing destructive local storms The many
types of mir masses, their combinations and
characteristics are discussed in the follewing
paTagraphs:

4. Continental potar air 15 incapable of
producing strong vertical currents because it is
inherently stable.

b, Continental trupical air is incapable of
producing extensive cloud syslems because of ity
dryness. While vertical currents are often quite
severe and produce strong clear air turbulence,
the air mass rarely supports the type of storm
under discussion, except when overrun by
maritime polar air at 5,000 to 8,000 feet above the
ground. This combination of uir maosses produces
the typical TV "Dry"" or “Inverted-V'' sounding
shown in Figure 11. This type of air muss is o
pood hail producer; it will be discussed further in
this chaper and in Chapter 6.

e. The instability nnd rich moistury content
of equatorial 1y masses are cupable of supporting
very strong vertical developments, However, the
frevzing level of the wet-bulb temperature is so
high that anly oceasionally do the severe prhue-
nomena (tornadoes, hail, or damuging wines)
suceeed in reaching the surface. The Type 11
tornado air structure is represcntative of an
equatorial air mass, and a mean sounding i8
ghown in Figure 9.

d. True marttime tropical air in the Unitad
States has two characteristics which tend to
hinder the production of severe local storms,
These are:

(1) The stability of its subsidence
inversion which suppresses vertical currents; and

{2) T'he dissipation of cloud tops which
do succeed to penetrating the subsidence
inversiomn.

e, Muaritime polar air masses are capable of
producing intense vertical currents but much of
their moisture 1s removed by frontal and
orographic lifting before these air masses reach
the Midwest. Those air masses which arc warmer
than the underlyirg surface often move inland
hehind a warm-frontal ccclusion. Such air masses
undergo less vertical displacement and carry
more moisture aloft to inland areas. If maritime
polar air overruns an 8,000 to 10,000-foot layer of
maritime tropical air, in which Convective
Condensation Levels do not exceed 6,000 feet, the
optimum air-mass structure for EBevere
thunderstorms, accompanied by tornadoes, hail,
and destructive winds, is realized. This is the
Type [ air-mass structure and 4 typical sounding
i shown in Figure 8.

The ideal severe-westhar air-mass structure
is reached when this overrunning is accompanied
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by & large wind shear (veering) between the
middle and lower levels

SECTION C—CHARACTERISTICS OF
TYPE 1 AIR MASS

The accumulation of 155 additional
representative soundings has verified the tornado
air mass Type I descriptions previously published
f4, B, 81 J. The greatest refinement 18 the
increage in moisture with height in the dry air
above the inversion. Specifically, thie air mass hus
the following characteristics:

May 1972

a. The temperature lapse rate is
conditionally unstable in the strata above and
below the inversion or stahle layer,

bh. The moisture content is stratified with
the lowest layer having a relative humidity over
5% and surface dew points over 55°F, Very
rapid drying is evident in Lhe inversion
(subsidence Lype), and above the top of the
inversion the relative humidity trends to increase
slightly, then more rapidly, above 550 mb,

c. Winds incresse with altitude with a
narrow stream in the dre ais above the inversion
having a component of at least 30 knots
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perpendicular to the flow in the warm moist air.
The median wind shown by the soundings at Bai
mb is 219° at 45 knots, and at 500 mh it is 2567 al
50 knois,

d. The air from the surface to 400mb 15
conditionally unstable and has a negative
Showalter Stability Index [ 60 J The Lifted
Stability Index is aboul -6 on the mean sounding.
The Vertical Totals Index is 28, the Cross Totlals
26, and the Taotal Totals 54.

¢, Tornadoes in this lype air mass most
frequently oceur in families, and their paths are
commonly long and wide compared to tornadoes
occurring in the other types of air masses, The
tornadoes are more numerous in later afternoon,
but, ocour at any time of the day and night, and
we are usually accompanied by wide-spread
destructive windstorms and large hail. Individual
tornadoes have a rather straight path and move
rapidly at an average speed of shout 35 knots,
ulthough exceptions to these characteristics are
frequently reported [ 25, 26, 62, 65 J

f. Sky conditions preceding the vecurrence
of torpadoes in this type of air mass bhegin
initially with reports of morning stratus, followed
by temporary clearing and then reports of the
development of middle cloudiness Mammatus
commonly occeurs with thunderstorms, and is
frequently reported near storms of Lornadic force.
Surfuce temperature reports are ahnormally high
for the season and time of day or night, and the
dew point often rises very rapidly one to four
hours before the storm causing the air to be very
oppressive. As the storm passes, the lemperature
drops very rapidly and returns to normal, unless
the activity is followed by a cold front The
surface winds preceding the storm are usually
moderate in speed. The surface pressure lendency
drops slowly for several hours, rises hriefly, then,
as the storm reaches Lthe stution, falls rapidly. As
the storm passes, the surface pressure rises
rapidly and in a few minutes returns to normal,
In general, the entire weather sequence is marked
by rapid changes.

g. Tornadoes occurring in a Type I air mass
generally are the resull of the intersection of two
squall lines, or a squall line intersecting a warm
frontal zone in & mesocyclone. Also tormadoes
develop along “hubhle’” produced squall lines
“Bubbles'” or "bubble highs'' are precipitation-
inducetdl mesvanticyelones within an area  of
general instability, and squsall lines often form on
their leading edges. Since tornadoes in this type
air mass normally oecur on squall lines associated
with mesolows, their prediction involves Limely
geographical delineation of squall line formation
and movement. The median Type 1 air mass
structure, based on 230 soundings, is shown in
Figure 8.
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SECTION D CHARACTERISTICS OF
TYPE 11 AIR MASS

In contrast to the air mass discussed above,
tornadoes also form in an equatorial type air
mass that is moist to great heighls, Such storms
are most common along the coast of the Gulf of
Mexico to some distance inland and produce the
witlerspouts so often reportad over the Gulf
Coastal waters, The following description of the

tornada air mass Type T s hased on 38
representative soundings.

a. The lapse rate of temperature is
conditionally unstable with no significant

inversion or stable layer. Surface temperature is
usually over 80°F. The mean sounding for a Type
Il air mass 1s shown in Figure 9.

b, The moisture content is very high, with
the relative humidity being over 65% in almost
all cases to above 20,000 feet,

¢, Winds normally decrease with altitude in
this type air mass. It has been observed that the
more vicious and persistent tornadoss oceur when
a significant low- and middle-level wind field is
present. The wind at 850 mb hay been observed to
be as high as 65 knots, and at 500 mb as high as
56 knots. The median dircetion veers about 307
hatween these levels.

d. The median values of hoth the Lifted
Stability Index and the Total Totals are the same
as in Tornado Air Muass Type 1 (-6 and 54
respectively), although the absence of an
inversion hss permitted the extreme cases to
reach preater instability values,

e. Tornadoes or waterspouts in this type air
mass peeur singly rather than in families. When
more than one tornado develops, they are usually
separated 30 to 50 miles. Their lives are usually
shaort, their paths are relatively narrow, and their
speeds are slower than the tornadoes of the Type
I Air Mass. While hail aloft is often a hazard to
aircraft, surface hail and strong thunderstorm
downrush gusts are rarely nhserved at the earth's
surface.

f. The weather preceding and following a
tornade occurrence is usually cloudy with showers
and scattered thunderstorm activity. There is
neither a marked (emperature nor a dew-point
change after passage of the storm. The pressure
falls rapidly prior to the tornade, but otherwise
the weather sequence changes very slowly with
time.

g Tornadoes in this type air mass oceur
primarily 10 mesocyclones at the intersection of 4
thunderstorm line with a warm front, and activity
associated with “hubble highs'' develops aolong
the axis of maximum low-level wind flow.
Tournadoes oceur less frequently along fronts and
squall lings.
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SECTION E—_CHARACTERISTICS OF 2. The temperature lapse rate is

TYPE 111 AIR MASS

Tornadoes also form in relatively cold moist
air, and this Tornado Air Mass Type 11 has
vielded eighteen soundings to date. This type of
tornado is most often associated with cold-core
gituations over the extreme western United
States, and for that reason is sometimes called
the Pacific Coast type. It is responsible for the
waterspouts along the West Coast, over the Great
Lakes and the northeastern U.8. The
characteristics of this type air mass are:

2—4

conditivnally unstable, and is without significant
inversions or stable layers. Compared to Type L1,
this air mass is quite cold as the surface
temperatures range from 20°C down to 1070,

b. Moisture extends to great heights with
the relative humidity commonly exceeding 70% at
all levels up to at least 500 mhb,

¢ Winds increase and generally veer with
altitude, the median speeds being 25 knots at 850
mb and 50 knots at 500 mh,

d. The apparent instability from the Lifted
Index is not as great as in the first two air-mass
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types discussed—the median values being -3.
However, the Total Totals Index is 57.

e, In general, tornadoes in this type air
structure occur singly rather than in families or
groups, although mammatus, virga, and funnels
aloft often form in the vicinity of an occurrence.
The Wet-Bulb-Zero is usually low so that only
small hail is indicated, but the hail size may
exceed the forecast size due to the unusually
strong convergence associated with the synoptic
pattern. The thunderstorm gusts are often masked
by strong gradient winds. Compared to the
tornadoes in Tornado Air Mass Type 1, or even
Type 11, tornadoes in this type situation have a
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brief life, a short and narrow path, and occur
usually in the afternoon. The frequency of funnels
aloft and the comparative rarity of surface
damage are very likely due to the cushioning
effect of the cool surface air.

. Tornadoes in this type air mass are
generally imbedded in an area of extensive
cloudiness, scattered rainshowers and isolated
thunderstorms. Clouds consist mostly of
stratocumulus with embedded buildups and
mammatus usually reported. There are no abrupt
or unusual changes in the weather clements,
except, of course, the pressure and temperature
within the tornado itsell

500

600

TOO

PRESSURE ;MB

B00O

300

1000 \
1050
-40° -30° -20° -|0° o° | a° 207 30
TEMPERATURE °C
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g The most favorable synoptic situations
for tormado development include the rear of
maritime polar cold fronts, and in well-cooled air
behind squall lines and “bubble highs'" Unlike
the storms associated with the Type I and Type 11
Air Mass, the tornadoes in this air mass usually
do not accompany mesocyclones, but alivays are
associated with cold cores aloft The median of
the 18 available soundings representative of the
Type 111 tornado-producing air mass is shown in
Figure 10. Note the relative coldness of the air at
all levels
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SECTION F—CHARACTERISTICS OF
TYPE IY AIR MASS

When continental tropical air is overrun by
mariiime polar air at 5,000 to 8,000 feet above the
ground the “inverted V'' or Type 1V tornade
sounding may result. This air mass, when
triggered, is productive of violent straight line
windstorms from the southwestern deserl areas,
eastward into the high plains in the lee of the
Hockies from western Nebraska southward into
Texas Tornadoes seldom reach the ground with
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this type of air mass, but when they do the narrow
and rope-like funnel causes destruction over a
relatively small area. The presence of dry air in
this structure coupled with a favorable Wet-Bulb
Zero height defines this air mass as a dangerous
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hail producer. The Lifted Index for this sounding
5 nol representative since the lower layers are
quite dry. However, the Totals Index is 53. The
median of 22 Type IV soundings is shown in
Figure 11,
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Chapter 3
SEVERE-WEATHER SYNOPTIC PATTERNS

SECTION A—GENERAL

The basic forecast rules stated by Fawbush
and Miller in 1851 [ 22 J were founded in part
on exploratory waork by previous investigalurs,
particulnrly Showalter and Fulks [ 61 J. During
the operation of the MWWC it had become
evident that three of Lhese basie rules are of prime
importance in delineating mreas of future severe-
weather development, and in defining the basic
tornado-producing synop ‘¢ patterns. Originally.
these rules were as follow .

a. The horizontal distribution of winds aloft
must  possess a muximum of speed ulong o
relutively narrow band, preferably at some level
between 10,000 and 20,000 ft, with a value of 45
knots or preater.

b. In situations preceding significant
tornado development, a distinee dry tongue is
present in the low or middle levels, and, provided
aolher criteria are satisfied, the primary
development will occur where the dry air intrudes
into or over the lower moist tongue.

e 'The horizontal moisture distribution
within the moist lower layer possesses a distinct
maximum along a relatively narrow band on the
winiward side of the inception arca. Stated more
simply, dry air must be available upwind of the
threat area.

“The narrow band of maximum winds aloft
in the middle levels' rule has been employed very
successfully in determining urcas of tornado and
severe-wes*her development. This rule was
refined in 1957 [ 24 J to include horizontal wind
speed shears in the middle-level wind field. The
“narrow band’ is also a steering mechanism once
the activity has begun. Throughout this paper, the
term “jet’’ refers to this low or middle-level wind
band and should not be confused with the higher-
level jet pattern, although usually it is a
downward reflection of the jet stream
Since 1954 [ 17 J increased attention has
been given to the importance of dry-air intrusions
between 850- and 700-mb in forecasting areas of
tornado and severe-thunderstorm development.
Ag a result, the validity of the second rule above
is now clearly established. Dry-air intrusions not
only help in delineating future tornado and
gevere-weather areas, but apparently provide a
major contribulion to the trigger mechanism in
the majority of tornado situatiens,

Additional evidence supporting the third rule
listed above also has been found. It now appears
that nearly sll violent thunderstorm aclivity is
associated with intense gradients of moisture
along the windward side of the inceplion area at
levels from the surface to 700 mhb. In some cases,
the contrast between dry ond moist air s
apparent throughout the layer, and in other
situations, it is evident only at the 8560-mb or
perhaps the 700-mb level. the intensity of severe-
weather development is proportional not only to
the steepness of the moisture gradient but also the
wind component from dry to moist air In one
case in 1956, the Waeather Bureau tornado
research airplane recorded a moisture gradient of
3.5 g per kg per mile ul 800 mb. A well-defined
squall line developed along this steep moisture
gradient, but severe weather was nob reported.
This failure of severe weather to develop could bhe
explained by the general weakness of the wind
flow from the dry to the moist region sl the
slight instability of the moist air mass,

During the period from 1954 through 1964
MWWC reanalyzed more than 400 tornado cages
ar “tornado days.'’ As this project progressed, it
became apparent that the similarities between
cases involved the three busic tornado forecasting
riles, The following criterin were adopled for
classifving each tornado situation as to synoptic

Lype:

a. The presence of middle-level jets or
shears

b. T'he character of the dry-air intrusion

and its proximity to the moisture ridge.

¢ The value and s-adient of the low-lavel
moisture influx. Categorizing the above
characteristics for each of the reanalyzed cases
required only five Lypes to include practically all
the observed situations. Thus, it appeared
practicable to use these types as an analog system
for forecasting severe weather. The five types may
Le considered a summary of the most etfective
rules developed over the past years of operation
of the MWW, and these types should be used
with, but not confused with, the tornado-
produring air-mass types previously identified by
Fawbush and Miller.

SECTION B SYNOPTIC TYPE A PATTERN

As shown in Figure 12, the Type A lornado-
producing synoptic pattern is characterized by a
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well-defined sonthwesterly jet aloft and a distinet
southwesterly current of warm dry air from the
surface to 700 mb positioned to the west of & low
level southerly moisture influx. There is
considerable 850- and 700-mb streamline
convergence al Lhe houndary between the maist
and the dry air,

Thunderstorms  oceur within the zone of
maximum convergence between the moist and dry
air—the mixing zone. This zone mav be deter-
mined by localing the area of greatest effective
dry-air advection in the lower and middle levels
Narmally, the thunderstorms do not form s sharp,
well-defined squall line, but wnd to develop
rapidly in rather isolated clusters within the
maxitnum convergence zone. These clustérs are
found in u somewhat irregular pattern along or
near the leading edge of the marked dry intrusion.
The initinl outbreak occurs along the maximum
molsture gradient between the dry air and the
moist air. In some cuses the zone of this
maximum gradient slopes toward the moist air in
the manner of a warm front, and the outhreaks
veeur over a wider area. However, the initial
severe activity usually will be confined to the area
between the leading edges of the dry air at 850
mb and 700 mb,

The area of the most violent thunderstorms
may be outlined by the maximum streamline
convergence between the moist and dry air and
the puosilion of the jet. In practice, the severe
weather area will extend from the jet for about
200 miles to the right (in the zone of diffluence)
and downstream from the maximum-convergence
line, to the place where low-level moisture
.decreases to a value insufficient to maintain the
high latent instability needed (o SUPPOTt SEVerce
activity, If there is a marked middle-level
horizontal-speed shear crossing the maoisture
pattern to the south or southeast of the jet, a
second area of severe weather may develop.
However, the width of the secondary zone is
usually ahout 150 miles instead of 200, Synoptic
pattern Type A is characterized by unusually
rapid and severe thunderstorm development. It is
not uncommon for thunderstorms 1o develop in
the short period of 15 to 30 minutes with the first
reports consisting of very large hail, damaging
surfuce winds, or tornadoes The previously
described Type 1 air mass is always present with
the Type A synoptic pattern. The development of
convective aclivity will be retarded by the typical
inversion until the air mass is triggered and the
latent instability is released. Thunderstorms
begin about the time of maximum surface heating
or within six hours thereafter,

On the average, violent activity contlinues
about six to eight hours, ceesing only when the

I—=2
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intruding dry air loses its identity due to mixing
and the wind flow between the moist and dry air
becomes weak. This process of pattern-type
deterioration is accentuated as the air begins Lo
stabilize during the nighttine hours. Thera are
rare bul spectucular exceptions to this rule if the
dry-air intrusion is especially well-defined and
driven by strong winds. In (hese cases, the violent
activily continues with hittle abatement as long as
thera is sufficient latent instability. Tornadoes
and very large hail are commuon with this pattern
amd tornadoes most often aecur in groups or
families. Activity has been observed to be more
persistent and more intense when associntod with
the jet than when assovinted with the middle: level
shear zone

SECTION C—=SYNOPTIC TYPE B PATTERN

The Type B pattern, shown in Figure 1, is
characterized by the usual southwesterly jet aloft,
a rather marked low-level intrusion of dry air,
and southerly current of warm moist air from the
surfuce to near 860 mb in the eastern portion of
the area of interest. The pattern includes a major
low-pressure center, nol necessarily associated
with the Type A pattern, a cold and warm front
distribution with marked cold-air advection to the
west or northwest at all levels to 500 mb, There is
a distinel upper cold front or cold trough tu the
immadiate west at 700 and 500 mb, with cool
maotst air along its axis and to the rear, and with
dryer maist air just ahead of the trough. The wind
flow shows considerable low and middle-level
convergence between the warm maist air and the
cooler wir in the middle levels, It has been
nhserved that either o frontal or pre-frontal
squall line develops in all cases and is usually
well deflined. Thunderstorms initially oceur along
or just shead of the surface ¢old front, due to the
combination of warm st air adjacent to dry
air, and cold-air adveéction in middle and upper
levels. This unusual situation develops an
extremely unstzhle air column The  initial
vulbreak of activity ocours within the zone of
maximum lower and middl: convergence along
the cold fronl. This zone may be located by
comparing the areas of maximum cold-air
advection at all levels, and the dreas of maximum
dry-air advection at 850 and 700 mb. The actlivity
develops pgradually along the cold intrusion
eventually forming a squall line positioned from
about 150 to 200 miles north of the jet southward
to the leading edge of the dry-air intrusion. Tn
many cases, Lhe area of maximum static
instability as determined from the Lifted Indexes
will fie far ahead of the developing squall line
and the thunderstorms do not become really
severe until the squall line disturbs this air mass,
When the intruding dry air is warmer than the
moist southerly current (and the wind ficld is

ey
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Figure 13, The Type A ternado-producing iynophc patterns

Stippled atws ovtfinesr location of severe-weather otcurrences.
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Figurs 13. Tha Type B ternade-praducing wynoptic paktern.

Stippled -area cutlines Jocations of severe-- snthar occurrences.
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favorable), isolated severe thunderstorms imtially
may form along its leading edge in the same
fashion as in a Type A outbreak

The arca of maximum severe thunderstorm
activity is delineated by the position of the jet and
zone of diffluence or a well-defined middle-level
horizontal shear zone, and the convergence
between moist and dry air in lower and middle
levels. In this pattern, the leading edge of the dry-
air intrusion is usually more ebvious on the 850-
mb chart, In practice, these criteria describe an
area along and extending some 150 to 200
miles to the right of the jet. The upwind boundary
is defined by the moisture discontinuity of the
dry-air intrusion and the forecast location of the
developing squall line. The downwind boundary
is subjectively determined to be where the low-
level moigture decreases to a value incapable of
providing the necessary extreme latent instability.
In this type of situntion, violent thunderstorms
necur ul all hours of the day and night, for the
triggering mechanisms are not as dependent on
diurnal heating as Type A outbreaks. However,
the activity is more widespread and vigorous
when it does develop near or extend into the time
of maximum surface heating, The actual starting
time of thunderstorm formation depends on the
rate of movement of the cold front and dry-air
intrusion into sufficiently unstable air. Severe
atorms will continue as long as the air mass
phead of the squall line remains critically
unstable. Type B patterns usually produce oné or
more transitory mesocyclones, 25 to 100 miles in
diameter, as the squall line moves along the
warm [ront. These short-lived, but dangerous low-
pressure systems most frequently form at the
intersection of the low-level jet with the middle-
level jel or with the warm front. They are also
common at intersections of precipitation-induced
discontinuities with the squall line or with other
lines of discontinuity. The family outbreaks of
tornadoes and severe wind storms comman with
this synoptic situation are usually closely
associated with the mesocyrlones

The Type A and B patterns are guite similar
in configuration and general development The
major difference between the 140 is the noticeable
presence of a major upper trough and frontal
system to the west of the threat urea in the Type
B pattern. This association with the trough and
frontul systems designates Lthe Type D pattern as
the last of a series of severe-weather producing
systems. On the other hand, the Type A often
repeats from day-to-day until the major trongh
moves away. Another difference i= that the Type
A dry air is upwind of the threat area while moist
air covers the threat area. The Type B mid-levels
are usually dry but moisture associated with the
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middle-level trough is upwind from the threat
area,

SECTION D —SYNOPTIC TYPE C PATTERN

The Type C tornado-producing synoptic
pattern shown in Figure 14, is charactarized by a
jet from a more westerly direction than in Types
A and B; or, in some instances, by a strong
westerly shear zone in the middle levels. The dry-
air intrusion is most often evident at the 700-mb
level and is carried into the threat aren on o
southwesterly current The area north of the
nearly east-west quasi-stationary surface front
ususlly will show neutral advection or slight
cooling at the 700- and A00-mb level The low-
level warm moist flew overrung the quasi-
stationary front causing thunderstorms to develop
because of this lifting action and the increase in
potential instability in the low-level air moving
northward under colder air nloft. Thunderstorms
in a developing Type C synoptlic pattern remain
scattered over the aren betwesn the quasi-
stationary front at the surface and the location ol
the high-level jet to the north.

This scattered thunderstorm pattern persists
until the dry-sir intrusion penetrates and agitates
this active zone. Thunderstorms then increase
rapidly in number and intensity, with an uctive
squall line usually forming ulong the leading edge
of the dry air. The urea of the most severe activity
is determined by the position of the jet or high-
level shear, the stationary surface front, tha HXIH
of maximum overrunning (determined by the
strongest low-level fMow) and the strength and
position of the dry-air intrusion. lu practice, the
western boundary of the most severe area will be
ahout 50 miles west of the axis of maximum low-
level moist Now over the frontal surface. The jet
and front provide reasonable north and south
limits, but the eastern boundary is more difficull
to define. The position of the eastern boundary
may depend on & decrease in temperature lapse
rate, & decrease in available moisture, a decrease
in active overrunning, or a combination of these
stabilizing effects. Furthermore, it has been
observed that it the dry-air intrusion is lost for
any reason, the storms will suhside to below

‘severe category. The Type C pattern is similar to

Type B in that thunderstorms may develop at any
time of the day or night. The maximum activity
may be expected for about six hours beginning
with the time of maximum surface temperatures
in the warm moist intruding air, but the onset of
violent weather appears to be closely related to
the time of dry-air intrusion into an already
active zone of heavy thunderstorms. The severe
storms Lhen continue with only minor diurnal
varations until terminated as described in the
preceding paragrapl,
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Type C situations are very favorable for the
development of bulible-type precipitation-induced
highs and their associated mesolows within the
thunderstorm area. These short-lived, small-scale
features move about 30 degrees to the right of the
mididle-level wind flow, toward lower pressures,
and toward maximum  surface  lemperatures.
These mesocale leatures usually have a life
history of less than 6 hours, but extremely severe
thunderstarms, considerable hail, strong surface
gusts and an occasional tornado eccur with the
intense pressure gradients in this synoptic pattern
Since most of the activity associated with the
Type C occurs in the overrunning zone, tornadoes
have difficulty in reaching the ground except
when extreme instability condimions are present,
ar il there 15 an unusually strong  dry-mir
intrusion, When the low levels are very cold
{helow 50°F) tornndoes should never be furceast
When tornadoes do develop in o Type C patiern
they usually vccur singly or by twos and threes
and are separated by intervals of 25 to 50 miles
Practically all the strong surface gusts anid
damaging winds are directly associuted with the
lending edges of bubble highs, or squall lines, and
ars in sssocintion with mesolows, Surface hail is
frequently widespread, for the wet-bulb freezing
level is favorably low,

When # well-defined cold front nccompanied
by strong cold-air advection overtikes the wctive
storm area, it often transforms the T'ype C pattern
into a Type E pattern, Thus, the severe cells lose
purl of their dependence on the strong lifting by
overrunning. 'The severe aclivity spreads amd
becomes associnted with the cold front and may
extend southward along the front in the warm air.

SECTION E—SYNOPTIC TYPE D PATTERN

The Type D tornado-producing synopiic
pattern is shown in Figure 15. The jet aloft is
usually from a more southerly direction than in
other types. The dry-air advection around the
bottom of the rapidly deepening low-pressure
center is cool at all levels. Also, the southerly or
southeasterly current of warm moist air in the lovw
levels underruns the colder air aloft. The surface
low-pressure center usually moves in a noriherly
direction accompanied by & 500-mb cold low
centered just to the west

The thunderstorms are triggercd by infense
low-level convergence and the increasing
potential instability due o the advection of cold-
air aloft over the underrunning warin moist air in
ithe lower levels. The initial outbreak usually is
found in the underrunning warm air between the
position of the jet and the closed cold isotherm
center at 500 mb. This area of maximum static
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instability as determined from the Lifted Indexes
lies in the zone of maximum convergence ahead of
a cool dry-air intrusion from the southwest. After
the initial outbreak, thundersform aclivity
spreads eastward. As with the other fypes, the
area of wviolent activity 1= located from the
position of the convergence zone in the low and
middle levels, the position of the jet, and the
leading edge of the cold dry air in the southwest,
In addition, the location of the G00-mb eold center
helps establish a boundary. Tn actual practice,
these criterin outline an area of perhaps 150 miles
from the jet to the a00-mb cold center, and & e
variable distance from the luading cdee uf the
southwesterly cold-air advection to the limit af
the unstable underrunning warm moist air, In
Figure 15 the severe-weather area hos hesn
extended o short distance to the right of the jet,
This boundary is determined from the eastern
limit of the areas of strong convergence and latent
instability and from the forecast eastward or
northeastward drift of the jel,

Thunderstorms associated with the Type D
pattern oeeur at all hours, but the very violent
storms are usually limited to the period between
noon and dark when the warm maoist air is most
unstable becpuse of diurnal heating. T'he decrease
in intensity after dark is rather rapid, although
storms of moderate intensity often continue for
some hours.

Numerous reports of funnel cloudy uloft are
received during Type D siluations, but only
occasionally do tornadees reach the ground.
Turnadoes that do develop oceur singly and not in
families as in ‘Type A and B, In order to produce
a tornade in the Type D pattern, the low-level air
mass must be heated and moved under & very
cold air mass at 500 mhb. However, hail is often
widespread and severs, and increases in size and
amount westward from the jet toward the G00-mb
cold core. Frequently, the size of the hail will
exceed the value predicted by the Fuwbush-Miller
hail graph £ 16 7. This underforecast is due to
the intense low- and middle-level convergence in
this particular synoptic situation.

SECTION F-SYNOPTIC TYPE E FATTERN

The final synoptic Type E, is characterized by
2 well-defined jet from a westerly direction, a dry
source defined by the T0U-mbh warm sector, and a
low-level warm maoist tongue carried by a
southerly to southwesterly current. The warm
muoist air overruns cooler air, usually because of
the presence of a warm [ront. The Type E differs
from the Type C pattern in that it always includes
a major surface low with associated warm and
eold fronts. Figure 16 shows the typical paltern
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Figure 15. The Type D lomado-producing syneptic panersn,
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with the surface position of the low and fronts
shown in dashed lines. The lower- and middle-
level wind flow indicate considerable
convergence, and a squall line forms in all cases.
The squall line may be either frontal or pre-
frontal, but i= well defined,

Frontal lifting of the warm moist air triggers
the initial outbreak of thunderstorm activity, The
strong cold-air advection aloft fraom the northwest
associated with the advancing cold front increases
the severity of the storms as does the diurnal
surface heating of the warm moist current prior to
its overrunning the warm frout. Finally, the
arrival of the middle-level droair intrusion
appears to be associated with the most ntense
activity,

Thunderstorms  hegin  in the  overrunning
warm maist air between the 830-mb warm front
position and the jet axis. They normally remain
seattered until the middle level dev-air intrusion
ang the cold front reach the area. The maximum
netivity, both in number of thunderstorms and in
intensity, is the area between the jet and the dry-
air intrusion, and between the 700-mb cold front
downwind to a subjective limit of latent
instability. In practice, the 850.mb warm (ront =
taken as the boundary opposite the jet. As in
other synoptic types, the boundary opposite the
cold front may be approximated by the decresse
in temperature lapse rute, decrease in available
moisture, unavailubility of dry air, and by other
stabilizing influences. In the Type E syvnoptic
pattern of Figure 16, the sastern houndary is
determined subjectively by the degree of potential
instability resulting from the overrunning of
warm moist air. Although overrunning
thunderstorms may develop at anv time of the
day or night, the maximum in gquantity and
intensity usually occurs from near maximum
temperature time ‘o a few hours after sunset. The
onset of very severc aclivity depends on a
combination of the several factors mentioned. The
beginning time for severe activity is very difficult
to forecast in the Type E pattern because of the
difficulty in forecasting the movement and change
in the individual parameters. Probably the
hardest feature to forecast is the precise time and
value of the cold advection at high levels
However, once activity begins it continues during
the night. Many viclent thunderstorms continue
to as late as midnight before increasing stability
of the atmosphere reduces the activity to scattered
or isolated thunderstorms of average intensitv.

Secondary areas of severe thunderstorms
frequently develop when the middle-level dry-air
intrusion is sufficiently strong to cause the squall
line to develop or extend itsell well to the south of
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the 850-mb warm front position along the westarn
edge of the warm moist low-level current. These
secondary areas are associated with shear lines
aloft and active transitory squall lines.

While it 1s believed that the classification
described is adequate and useful, all tha types are
nol mutually exclugive and there are cases
difficult to classify. In particular, a case that
begins as Type C may transform into a Type E
pattern.  Apother common octurrence iy Lhe
transition of a Type A pattern into a Type B
pattern when associated with 8 moving trough,

SECTION G - EXAMPLES OF TORNADO-
PRODUCING SYNOPTIC PATTERNS

A number of actual situationg are shown in
Figures 17 through 24 to illustrate the synoptic-
structure differences of the live basic tornado-
producing synoptic putterns, The first sxample
represents d very severe "Uype A tornado outhreak
which oceurred in the Blackwell, Oklahoma-
Udall, Kansas ares causing many deaths and
injuries. Widespread estruction was reported
from southwest Texas into Oklahoma  and
northeast Kapsus, A B8 bomber anrouts from
San Antonio, Texas to Hoswel]l, New Mexich was
destroyed in-flight just north of San Angelo,
T'exas at the time & tornado was reported in that
area. Another B-36, 15 minutes ahead of the first,
cracked a mam wing spar in violent turbulence
and large hail. The hatehed area Figure 19
indicates where the tirst outbreak of torvadoes
oectrred, and the initial report of any bype of
severe weather in that area was the report of
baseball-size hail northwest of Childress, Texas ot
22007, This storm developed on the serface dry
line where dew points incressed across the ling
[rom 17 to BR"F aver a very short distance. The
strong dry surge is evide L also at 700 mb (Figure
18) and, vy it moved over the moist air ahead of
the #30-mb dry line (Figure 17), tornadoes
erupted and spread northesstward along and
south of the well-defined middle-level jet. Note in
the plotted radar echo s ol Pigure 19 how well the
returns conform to tlie leading edge of the strong
THl-mb dry influx:

The dotted area to the south in Figura 19
deflines the second tornade outbreak. As che
northern portion of the dry intrusion moved
northeast, the southern portion appeared to shift
westward about 60 miles just to the west of San
Angelo and Abilene, Texas. As the southern
portion of the upper trough approached, a poorly
nrganized squall line developed from south of
Oklahoma City to west of Wichita Falls and
southward to Del Rio, Texas. The tornadoes
vecurred with a mesolow which developed near

—10



May 1972 Technical Report 2Z00{Hev)

)

D

° o

® 0

R (. 5}
® U
.

e o

o, £,
oy

Figure 17, Significan) 850-mb defa at 71007 an 75 May 19535

—11



May 1972

E. Significant 700-mh features ot 2100Z
on 15 May 1955,
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Figure 20. Feample of Typs A pattern showing major Fnatures
st 0300 on & Apal 1955, Stippled area authines locations of

revere  weather =eeurrencas,
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Figurs 21. Examples of Type 8 pallern showing major features
at D300 on 9 April 1947, Stippled area aullines locations af

gevere weather orourrendes,
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Figuie 22. Exampler of Type C pattern showing majer features
st 1500Z on 10 June 19353 ("M mesnd “Missing™). Stippled

area outlings Wealloms of evere wrather ocrurrences
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Figure 7i. Example or Typr D patirrn shawing majar feaferes a1 1500L an 4
april 1735, Slippled area cullings lecalluns of severe-weather occurrences.
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Figure 24. Example of Type E pattern showing significant
features at 21002 on 14 March 1957, Stippled area outlines

locations of severs-weather occurrences
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Figure 24. Example of Type E patrern showing significant
features ab 2700Z on 14 March 1957, Stippled area outlinos

lotations of severs-weather otcurrences.
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San Angelo and moved NNE under the 50 knat,
700-mb flow. The eastward progress in Texas was
limited by a northward movement of the main
low into Minnesota, Severe Type B storms
oceurred again the next day in Texas, southwest

d—1%9
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Oklahoma, and Missouri, in conneclion with the
eastward movement of the primary upper trough.
The remaining figures (Figure 20 through 24) are
other examples of tha Type B, C, D, and E
synaptic situations.
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Chapter 4
SQUALL-LINE DEVELOPMENT

SECTION A—GENERAL

The term "instability line”" and "squall line”
are used interchangeably in severe-thunderstorm
forecasting. Any line of thunderstorins not readily
circumnovigable, regardless of whether it s or is
not associnted with a front or wind shift, 15 called
a squall line, The term “instability area’ does
nol  adeguately deseribe a mass ol heavy
thunderstorms moving within a general
thunderstorm area. The “hubble'" is deflined as a
precipitation-induced mesoanticyelone which may
or may not be assovisted with a frontal system

SECTION B—CONDITIONS NECESSARY
FOR DEVELOPMENT

There are o number of conditions necessary
for squall line formation, The most favorable
conditions are the following [ 23, 32, 39, 40, 64 1.

4. Cold-alr advection in the middle and
higher levels;

b. Cooling of middle and higher levels;

¢. An incremse of surface temperature
fusually by insolation) to the point where
convective currents reach their condensation level
and relense the latent instability of the air
column;

d. Increasing maoisture at all levels except
that, in the most favorable situation, a dry source
is found upwind in the low andior middle levels

e. Low-level wind convergence,

. A mechanism to transfer momentum of
strong middle-level winds down to the surface.

A previous section stated that the most
favorable air-mars structure for the production of
severe local storms ccenrs when a murilime polar
AT masy overruns a lower meist layer of maritime
tropical air. This statement can be explained in
lerms of the above conditions. It is clear that
condition a. is satisfied for this case; conditions c.
and e may he, depending on the particular
synoptic situation, Alsn, one can describe how
conditions b., d., and f. occur in this combination
of air magses,

Frequently there is strong low-level moisture
advection in the lower levels with maritime polar
air aloft approaching the low-level mosture ridge
line from a perpendicular direction. The amount
of wind shear necessary [or optimum conditions
has been determined empirically to have a
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component at 14,000 to 16,000 fest of at least 25
knots perpendicular Lo the lower moisture ridge.
Hain falling from the overrunning layer can
evaporale in the dry air above the lower moist
layer and conl the dry layver to near the wet-bulb
temperature, Also, if condition a. ¥ mel, thig
evaporative process will be accelerated by the
presence of the liguid moisture condensed from
vertical motions, and the result will be Turther
cooling. This process could eventually result in
the formation of & squall, as shown in Figure 25,

A

£ .n’ﬂ"’.l’:

The impuortance of the exception noted in
condition . must be emphoasized, 1 there is no
significant wind shear, the trajectory of the air
shove the moisture ridge will be approximately
[}:lrﬂ“t‘l te the ri.t|:gﬂ. Therelore, the air above the
moisture ridge will have nearly the same moisture
contenl us  the lower levels and not much
evaporation and cooling will take place

The incrensed density of the cooled air ail
upper levels can cause vertical motions which will
lend support to condition [ These downdralts
amplify existing convective currents, whose
updrafts provide additionul moisture for
continuous cooling of the inflowing dry air above
the lower moist loyer. Thus, the mechanism is
self-perpetuating, and the end product usually is
the formation of a group of thunderstorms.
However, after thunderstorms form, squall ling
movement is unlikely unless two other require-
ments are fulfilled.

a. The angular shear between low-level and
middle-level winds should be at least 30 degrees
on the “lee"” or forward side of the trough.

b. Sufficient high-level moisture should be
available to support the mechanism described,
Cold advection in the middle levels iz not
sufficient by itself to assure squall-line
development. Unless there is a low-level trough
coupled with the above twe factors, no more than
a line of heavy rain or rainshowers may be
expected.

SECTION C—FAYORED DEVELOPMENT
AREASN

If squall line development is probable, the
mmitial formation of the line can usually be
forecazt in one of 8 number of favered areas. One
of the hetter known examples is along or in
advance of a fast-moving cold front. Other
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favared locales amre in the area of lowest
Convective Condenzation Levels (these are
usually less than GU00 feet abpve the ground),
and along a low-level trough within or just above
the moist layer. Crumrine [ 14 7 believes that the
position  and orientation of the &50/500-mh
thickness ridge is an excellent guide to the likely
location of squall-line development and severe
activity, He states in his paper “If other
parameters are favorable for the development of
severe Lhunderstorms, the most intense
thunderstorms should be expected about 100
miles behind the A8500600-mb thickness ridge.

. The instability line shoild be located in the
maximum anticyeloniy shear zone of the 850/500-
mb shear wind or in areas of marked anticyelonic
vortivily of the shear wind.”

Chappell listed several useful criteria { 12,
18 7 teouid iothe location of a squall line on the
surface charts:

a. Squall lines always lie in a surface
pressure Lrough,

b. The location of Lthe showers and
thunderstorms, towering cumulus, cumulonimbus
and lightning coineide closely with the squall hine

g. The temperature distribution in  the
immediate vicinity of the squall line may be
helpful in determining the exact location,

d. Usually the dew point tends to decrease
immudintely alter squall-line passage.

e, Radar echoes sare highly uscful in
delermining. the location or the initial
development of the squall line and its subsequent
movement.

f, Pressure tendencies can be used to
determine the location of sguall lines, but caution
must be exercised, A well-developed sguall line
hay falling pressures ahead of it, rising pressures
as it passes a station, and pressure falls
immediately behind the rize

SECTION D—CHARACTERISTICS OF
SOLALL LINES

Once developed, the active squall line is
usually accompanied by a wvariety of
meteorolagical phenomena. These include
buildups, cumulonimbi, showers, thundersturims,
wind shifts and precipitation; and changes in
wind speed, temperature, dew point, pressure and
cloud cover. The squall ling i= somewhat sell-
perpetuating, but carries the seeds of it= own
destruction. As the line moves Turther away from
the original source of its development, and as its
continued activily couls the lower layers, a line of
wind shifts and significanl pressure rises
eventually moves out ahead of the thunderstorm
area. Althouph this line may regenerate as it
moves into a favorable area of instability, the line

=7
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is more likely to weaken gradually and become
effective only as a line of intersection for further
redevelopment upstream. A line of discontinuily,
after moving away from its associated
thunderstorms, often acts as & pseudo-warm front,
which il overrun by moist unstable air, causes
scattered thunderstorm activity to continue well
to the rear of the line. These thunderstorms may
prodiuce isolated severe-weather reports
dependent upon the degree of instability in the
overrunning air. ‘T'his area of OVETTUTININY
thunderstorms frequently reintensifies the old
bubble high which begins to move as o new squall
ling withir. the overrunning air. When this
intensification results in the new squall line
merging with the old, the system may then move
into an area previously undistrubed by activity,
I'hus, a particular area muy be affected by severe
weather several times during a period ol Lime,
Cold  fronts often produce several successiva
squall lines as they move across the country and
the affected region can expect relief anly alter the
passage of the primary cold front or dry line, Also,
squall lines are likely to dissipule entirely when
they move into an area of dry or stable air.

SECTION E—ATR MASS AND SQUALL
LINE RELA LIONSHIPS

In addition to reporting a variety of squall-
line charscteristics, severe-weather meteoralogists
have observed a number of relationships between
the parent air mass and the squall line. The more
significant ohservations are summarized in the
following paragraphs.

a. Sguall lines which form on ar very near o
surface cold (ront are very difficult to distinguish
during their early state, The lirst clue that o
syuall line has moved away from the cold front is
often a report of a wind shift with a speed
considerably in excess of that previously reported
hy any slation experiencing the frontal passape.

b. The temperalure and dew point will fall
after passage, but will level off and even recover
somewhat during the next few hours. However, if
the cold front itself iz carrying the thunderstorm
activity along, the temperature and dew point will
continue to fall with no tendency to recover.

c. Analvsis of the isallebaric ficld is vitally
important since it is an excellent method of
determining whether or not, and how fast,
changes are taking place in the pressure field.
Pressure lendencies are often the first clues to the
development and movement of mesoscale lows
and bubble highs. Negative tendencies at the
surface coupled with areas of low-level
convergence will define the more likely areas of
vertical motion and positive vorticity advection
(PVA) aloft. Also, Chappell £ 12, 13 T has notad
a high frequency of severe-weather occurrences
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along the axis connecting the isallobaric rise and
fall centers,

d. Surface temperature changes must be
studied since increasing temperatures aflect the
stability of the air column. Chappell £ 13 J, in a
selected number of cases which included 21 days
in the months of March, April, May, June, and
July, computed 3-hourly changes in temperature
between noon and 3:00 P.M., and then correlated
the oeeurrence of severe wealher with respect to
the perpendicular dirtance from the maximum
temperature-change axis. He stated that 76% of
all severe-wenather reporis were within 40 miles of
this axis while 83% of all reports were within 60
miles of the axis. The results of this study are
mosl useful for u shorl-term refinement of an
existing forecast area or of a severe-weather
warning for o particular point. Rapidly falling
pressures are typical prior to formation, but
rapidly rising pressures indicate that the bubble
has materinlized. The combination of rising
temperatures, rising  dew  point and  falling
pressure indicates a rapid increase in instability,
und therefore is an important considerstion in
refining the forecast for a particular location
within a larger forecast areao,

e The use of the allimeter setting for
determining the rate of change of surface
pressure, has been most ably advocoted by B.
Magor [ 47, 48, 49 ]. Mugor believes that the
detection of significant surface-pressure behavior
is best determined by using the altimeter setting,
hecause the actual change that is obtained from
one hour to the next has not been affected by sea-
level reductions involving the 12-hour mesn
temperature. This ohservation is particularly
valuable over the Itocky Mountain aren where
the hourly pressure variations are more apt to he
obecured by reduction techniques.

f. MNorth of an active shallow warm front,
bubble squall lines are frequent, The forward
edges of the bubble highs form along the axis of
loweat Convective Condensation Levels in the
frontal zone and are determined approximately at
the time when the day's maximum temperatures
are reached. Usually, a low-level jel i= also in the
samea vicinity,

g. DBubble highs require the same favorable
condilions for development as squall lines, except
that frontal lifting aids convection and the
triggering of thunderstorms and precipitation.

h. Topography is influential in forming
bubble squall lines in the lee of the Hockies over
the High Plains. The lower-level winds low
uphill, triggering thunderstorms which result in
bubble formation.

i. When the middle-level winds parallel the
lower moistura ridge, squall lines seldom develop
except over Colorado and northward along the
Continental Divide, Tn this region, if the middle
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and higher levels are moist a line of high-level
thunderstorms may form. Their development
causes an increase in the lower wind Mow
perpendicular to the moisture ridge. Tf the air
structure to the east is favorable, the line of the
high-level thunderstorms will continue Lo develop
with the bases lowering into the low-level thermal
trough usually present on the lee slopes of the
Hockies.

Jo In warm-sector situations, where moisture
15 spread over a4 wide area rather than confined to
# narrow ridge or tongue, a series of bubble squall
lines may develop simultandously along a wide
front. In such cases, the strongest bubble will
develop on the axis of the low-level jat,

k. In some cases, a bubble squall line will
pass through an area and be followed in two or
three hours by a more severe one, In these
situations, continuous advection of cold, moist air
in the higher levels is observed. The first aquall
line will form in relatively deep moist air, and its
passage will be marked by an influx of o drier
middle layer. The presence of this drier air aloft
requires a higher surface lemperature to initiate
convection that will reach the condensation leval,
The later, more vigorous line will furm near the
time of the dav's maximum temperatures,

L. Steering of squall lines is generally in the
direction of the 500-mb winds at 40% of the
speed. In cases of multiple bubbles, formation is
usually under the middle-level jet. Bubbles have a
pronounced tendency to move about 30 degrees to
the right of the 500-mb wind field, toward lower
pressures, and toward the highest ltemperatures.

m. As stated earlier, squall-line
development frequently occurs along the surface
dew point front or dry line. Development geeurs
only if the moist layer is at least 3,000 to 6,000
feet deep and the lapse rate is unstable so that
even maoderate insolation will cuause the
convective currents (o reach the Convective
Condensation Levsl.

n.  Although isolated thunderstorms may
develop fairly early in the day, the squall line will
usually not become organized and start moving
until near the time of the diurnal maximum
temperature. 1t has been ohserved that the
maximum intensity calculated to result from
isolation will be fully effective up to six hours
after the time of maximum surface temperature.

o.  Usnally, the point of most intense activity
will be located within the area of highest moisture
and temperature contrast, and will normally be
associated with a small low-pressure cell at the
surface. This type of squall line breads frequent
tornadoes when the middls-level winds have a
component of at least 25 knots perpendicular to
the underlying moisture ridge line.

p. As the activity along a squall line
decreases, the designation is changed to one that
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15 frontal in character, or at least 15 carried as a
trough line. The importance of following all
weakening discontinuities. cannot be overstressed.
Any deformation in the synoptic patiern may
produce significant weather. For example, an old
squall line may hecome stationary or move
northward as a warm front. This svetem can then
be intersecled by & new squall line or frontal
system providing an axis for the production of a
new severe-weather outbreak.

i IF & second bubble forms within one o
three hours of the first and moves faster than the
original, the two bubbles may merge and the
ursociated squall lines intersect, This intersection
ig a favared area for tornadic activity.

r. A bubble high will be effective in
praducing gusts as lopg as ils cenlral pressure is
greater than in the environment in which it is
embedded, The strength of the associated gusts
will be proportional to the strength of the bubible,
the pressure gradient, and the temperature
differential between the downrush and
anvironmental air

g, Normally a strong bubble will be effective
over u d- to B-hour period. An estimate may be
made of its probable life span by noting the
pressure fleld downwind along the axis of its
probable path, The bubble will be effective until
it moves into an area where the strength of the
pressure licld equals the central pressure of the
buhbble.

t. The strong downdrafts of the
thunderstorms are especially noticeable ar rthe
leading edges of the bubbles and cause a
gomewhat peculiar pressure jump.

w. The intersection of a squall line or active
eald front with 8 warm front 15 very effeclive in
increasing the severity of thunderstorms. This
situation will evolve into a mesocyclone at the
point of intersection. Generally the extreme and
rapid rises in pressure found in bubhle situations
are missing in this case as are vigorous wind
shifts. The point of formation of the mesoeyvelone
may be forecast by noting the intersection of the
front with the axis of the low-level jet below G000
feet, Also, very rapidly falling pressures just north
of the warm front and in line with *he low-|svel
jet precede formation of the mesocyclone. As the
squall line approches, the mesocyelone despens
rapidly and the severe-weather phenomena are
confined to the immediate vicinity of the warm
front. This sitvalion permits forecasting
relatively small areas of destructive storms, with
widths of perhaps only 50 to 100 miles. Figure
26A is the three-dimensional structure of an
intersection of two squall lines, and shows the
low- and middle-level jet localions znd the
formation of a mesecyclone. Figure 26B shows the
ideal location for mesolow formation when a
squall line intersects a stationary warm front
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Three notable examples of this Lype of storm
were the Arkansas-Tennessee tornadoes of March
21-22, 1952, the severe storms and tornadces of
July 41, 1951 an Seuth Dakots and Minnesola,
and the devasting tornadoeg on Palm Sunday, 11
April 1965. In the first and third cases few
significant thunderstorm gusts were reported at
the surface, but intense mesocyclones moving
along a warm-frontal boundary produced
numerous tornadoss and widespread destruction.
Figure 27 is a time cross-section of the
development and movement of the mesolows and
accompanying tornadoes of 22 March 1952, The
abscissa nre station locations for Hobart,
Oklahoma City, Muskogee, McAlister, Fort Smith,
Little Rock, and Jackson, Tennesses, and  the
ordinate is the hourly reports from each of these
stations, In the second case an intense mesolow
passed through eastern South Dakota into
Minnesota with numerous reports of # fo 140
knot winds, The storm reached o peak at World-
Chamberlin Field in Minneapelis wilh several
tornadoes reported in the area

The above relationships apply primarily to
the Great Plains and adjacent area. In the Gulf
and Eastern States, tornado gelivity is more
common on the leading edpges of thundersiorm
ureas that have developed during the early
mornings. These ureas muay or moay ool be
migratory, the wind field 18 often weak (especially
in the middle levels), and damage s limited to
widely separated, small, discrete areas. These
tornadoes are associated with mesocyelones and
covur at the intersection of low-level jets and the
general rthunderstorms areas,

SECTION F—EXAMPLE OF SQUALL LINE
AND BLBBLE DEVELOPMENT

An example of this type situation oceurred at
Waco, Texas, 11 May 1953, Such a pre-frontal
squalf ling development 15 described in Figures
2BA throough 2811

Figure 28B shows a fully developed squall
line with a precipitation-induced bubble high,

The portion of the squall line adjacent to the
most intense part of the bubble and under the
strongest [low alofl moves rapidly eastward as
shown in Figure 28C. This partion of the squall
hine is 1n the process of outrunming its own
thunderstorm  activity which will result in the
leading edge degenerating into a line of wind
shifts and rain showers. Also, the southern
portion of the =quall line s lagging westward in
the southerly flow ahead of the front

Figure 280} shows the decayved squall ling
assuming frontal characteristics. Low-level moist
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air beging to overrun the old squsll line and
thunderstorm activity is on the increase where o
portion of the cooled air of the old bubble is
providing sufficient lift to regenerate
development. To the west a marked low-level jet
la forming as the primary frontal syatem
approaches from the west, and the warm moist
returning air is spreading northward.

In Figure 28E a new pre-frontal squall line
has developed and is moving eastward. The
intense overruning activity al the esstern end of
the decayed squall line has resulted in the
regeneration of the bubble high with indications
of squall-line development just to the rear of the
old squall line. This development takes place in
nir thal is still relatively cool compared to the air
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south and southeast of the decaved squall line.
Convergence in the low levels is beginning to
produce some scaltered shower activity and
perhaps an isolated thunderstorm over the area Lo
the north of the western portion of the old squall
line; this convergence f[urther intensifies the
boundary between the warmer and cooler air,

In Figure 28F the new squall line is
beginning to intersect the old squall line and
rapid intensification of activity will oceur in
conjunction with the strong low-level jet.
Pressures will be falling rapidly as the new aquall
line approaches the point of intersection of the
low-level jet and the old squall line,

In the east the reformed squall line has
merged with the old boundary and activity has

C

Figurs I8. Histary of tha developmant of sguall line and bubbls high — Waeo, Tewar, 11 May 1953,

(Figure 2B continued on the Followmg pags)
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intensified. In Figure 28G a mesolow has formed
at the point of intersection of the second squall
line, the old boundary and the low-level jet.
Tornadves or locally damaging winds are highly
probable in this area, especially considering the
proximity of the middle-level jet or shear. The
southern portion of this second squall line is
returning northward and the old front will
intersect the second squall line shortly.

In Figure 268H the system is fully formed. The
told front has become active and is intersecting
the western portion of the second line. The
mesolow which formed in the central portion of
the old boundary is producing severe activity. In
the east the redeveloped squall line continues
southeast toward warmer air and lower pressures,
Depending on time of day, stability
considerations, and wind [ield, the system may
cither eventually weaken and degenerate inte o
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relatively broad zone of showers and scattered
thunderstorms, or it may continue to move, decay,
and regenerate. It should be noted that with the
system shown in Figure 28H, the cold front would
probably not act as a squall line for a sustained
period, but rather the thunderstorms will move
out ahead as a pre-frontal line with developmant
possibly renewing along the cold front. One
conclusion is certain: areas to the east of the cold
front will remain under some threat until either
the cold front passes or olher marked
stabilization of the air mass takes place.

In the Figures shown, soma comiments may be
made on the type of weather to be expected with
particular time and space configurations of the
system. The first squall line a4 shown in Figures
28A, 288, ond “8C would not be as likely to
produce tornadoss as it would strong straight-line
gusts and hail. There is no intersection of
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discontinuities and a low-level jot is not present.
Gust strength is proportional to the strength of
the bubble, the temperature differential between
the air mass ahead of and behind the sgquall line,
and the strength of the winds in the opposing air
masses, In Figure 28F and 28F the redeveloping
castern bubble is a favored area for very heawvy
rain  and significant hail but with  little
probability of gusts because of the small
temperature differential between the downrush
and the environmental air in the cooled bubhle
Dependent upon the degree of instability of the
overrunning airmass, the strength of the middle-
level wind figld, the presence of a low-level jet
and the degree of coldness and thickness of the
very low-level air, lornadoes may occur with this
pattern, Tha tornado funnel must be of sufficient
intensity to penetrate the stoble cooled loyer near
the ground, and, if it does would be particularly
violant, This type of tornado ocourred at Waco,
Texas on 11 May 1953 where after several hours
of moderste o hesavy rain s large tornadao
penetrated the cooled air near the surface

In Figure 280G and 28H, the mesolow at the
triple point of the low-level jet, the new squall
ling, and the old boundary is an ideal ares for the
start of an outhreak of family-type tornadoes.
Also, the location of the middle-level jet favors
the oceurrénce of lornadoes in the mesolow. The
intensity of the activity with the cold front is
dependent upon the degree of recovery of the air
mass and the wind felds involved. A low-level jet
in now shown, o the development would he
wealker, The jet aleft is well north of the
intersection, so Lthe region near the intersection
should he examined for a possible horizontal
shear zone, Activities which would occur under
this system probably will consist of moderate to
strong pusts and some hail as there is an apparent
lack of some of the predisposing factors for more
violenl weather. Also, the sir mass has been
subjected to two previeus squall line passages
which has stabilized the threat area somewhat

SECTION G—FORECASTING SEVERE-
WEATHER ACTIVITY

These forecasts depend on many factors
which must be carefully weighed by the forecaster.
Common sense will provide him with much help
in thie type of forecasting The forecaster does not
wait for the next upper-air chart to decide
whellier or not the wvorticity maximum  and
positive-vorticity-advection pattern is moving as
progged. He notes the change in middle-cloud
patterns and follows such features hetwesn
sounding times, Ile checks suspect areas on the
T00-mb and 500-mb chart where sudden increases
in moisture occur without apparent advection
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from an upwind source, He knows from
experience that such changes are often the first
indication of increasing vorticity, vertical motion
and advection. Finally, monitoring hourly surface
pressure changes will provide clues to changes in
the large-scale vertical-motion field in the upper
atmosphere.

The hourly surface data will nearly always
reflect the changes in intensity and position of the
low-level jet. Arvds of rapidly falling pressorse
associated with increases in surface wind speed
often are the reflection of warm, moist low-level
air moving into an ares al & more rapid rate than
into the surrounding region, Careful analysis of
the hourly sequences will provide ¢lues as to the
actunl beginning development of an  expectad
squall line. These hourly reports coupled with
available radar observations enable the
forecastar to  judge  development, speed of
movement and intensity of the system, T'he hourly
check also allows the forecaster to continually
refine  the pradiction and  to  inerease  the
capability of issuing reasonably acourate
warnings of severe weather specified for small
diserete areas. This microanalysis makes use of
all remarks, radar information, and plotted
surface reports to locate and follow mesolows,
bubble highs, and intersecting lines of activity,
Analyzing the hourly pressure, dew-point and
tempersture felds permits the identification of
the small areas most susceptible to vialent
weather.

The progress of dry- and moist-air influxes
can be followed by noting wind shifts and dew-
point changes from surface charl Lo surface chart
The changes in the position of the middle-level jet
can be determined by carefully noting the
progress of frontal systems, pressure sysbems,
cloud and precipitation patterns. One technique
for locating the middle-level jet is to monilor
surface wind reports since turbulent mixing to the
rear of cold fronts and squall lines possibly may
permit the jet effects to reach the surface. Thus,
an isotach analysis of the peak pusts will locate
the current jet posirion.

By careful analysis of the surface pressure
field the forecaster can locats, track and project
the important mesoscale features so vital to an
securale severe-weather forecast Isobarg should
be drawn for no greater than 2-mb intervals and
with careful attention to discontinuities in the
pressure field. Frequently, pressures which are out
of line with the general pattern ore prime
indicators of mesohighs (bubbles) and mesolows
emhbedded in the general field. These transitory
features are vitally important to the production of
severe thunderstorms and associated  activity

$—10

&
g



May 1972

Areas where thunderstorme are, or have recently
been occurring, are most likely to reflect these
abnormalities. The analysis of frontal systems by
severe-weather forecasters are essentially the
game for large features as in standard analysis
However, severe-weather analysis concenlrales on
small-scale features which are vitally important,

Technical Reporl 200{Rev)

Therefore, minor differences in lemperature
and/or moisture within the same airmass are
often denoted as “frontal” boundaries. If there is
no significant discontinuity in temperature and/or
dew point, but there is a line of wind shills
appearing on the surface chart, the convention is
to use a trough symbaol.
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Chapter 5
FORECASTING PARAMETERS

SECTION A—GENERAL

Conditinns necessary for the development of

tornadoes, severe thunderstorms and their
arsociated destructive phenomena may be
summarized under several interdependent
headings:

a, Temperature—The thermal air structure
must be conditionally unstable. The magnitude of
the temperature is important in two ways: It
controls the ability of the air to held and trans
port moisture and it affects the height of the Wet-
Bulb-Zero, Also, the most vigorous storms take
place in air having a subsidence-type Inversion, a
characteristic which is observed to be associated
with wind shear.

b, Moisture—Large quantitics of moisture
must be available. Usually this requirement is
fulfilled by the presence of a low-level tongue of
raoisture. However, the strongest storms require
dryer air above this ridge, or marked dry source
in the windward in a position to intrude into or
above the ridge (potential instability). It may be
pussible that the lapse rate is farther steepened
through evaporative cooling. Such a hypothesis
could explain the common effectiveness of a large
directional shear between strong and relatively
dry low- and middle-level winds and a well-
defined ridge of moisture.

o Winds—Strong middle-level winds are
required, except in an equalorial-type structure.
Sharp horizontal wind shears alsp favor the
development of severe phenomena through
instahility. Moderate to strong flow in the low
level is required for major storm outhreaks of the
family type. The intersection of the maximum
low-level winds with a warm front or old squall
line is a frequent area of development (and a
favored arca for mesccyclone formation). It is
extremely desirable for the middle-level and lowe
level jets to intersecl, since the major pxis of
tornadic activity is frequently determined hy the
location and movement of this intersection.

d, Liftinge—Severe thunderstorms with tor-
nadoes, hail, or destructive winds, do not develop
spontaneously, but require the following
activating lifting mechanisms:

(1} Cuold front

{2) Pre-frontal squall line

{3) Warm front,

(4) Upper cold front

{5} Preudo-fronts formed st or near the
edge of a general thunderstorm area.

(6) Intersection of any two lines of
activity such as squall lines, a squall line and a
warm front or a bubble or mesocyclone moving
along a warm front

o. Freczing level—The height of the Wel-
Bulb-Zera shove the terrain should be favorable.
This height in the environmental air mags is
assumed to be the height of the [reezing level
within the storm column, and is highly correlated
with the type and intensity of the severe
phenomena which reach the ground. The
optimum height of the Wet-Bulb-Zero is about
8,000 feet. When thix height s helow 5,000 or
above 11,000 feet, the incidence of surface hail
and thunderstorm gusts is practically negligible,
and tornadoes (if any) are relatively weak and
short-lived except in a Type 2 airmass,

SECTION B—IMPORTANLCE OF KEY
PARAMETERS

In deciding whether any, or all of the above
conditions may be met in any given situation the
severe weather forecaster must consider numerous
paramelers available from surlace and upper-air
data. These individual parameters, encompassed
bv the five conditions of Section A, must be
carefully considered both individually and
collectively and projected in space and time. 1t is
extremely difficult to weigh these parameters und
to assign them an order of relative importance.
They are essentially interdependent and vary in
relatlions to each other in different situations.

The Air Weasther Service and the National
Severe Storms F. recast Center of the Weather
Bureau conducted a preliminary computer study
of 328 tornado cases [ 42 [ from which it was
concluded tha! the 14 parameters shown in Table
1 play a major role in the production of severe
thunderstorins and tornadees. Also, on attempt
was made to gualify these listed parameters as
weak, moderate or strong, This was a preliminary
effort designed to serve as a basic semi-objective
furecast checklist for less experienced furecasters.
The gathering of more data is planned so that the
table can be further refined. The parameters are
given in tentative order of importance eatablished
by hoth computer analysis and individual
forecasting experience, and are discussed in detail
in the paragraphz beluw.

4. Strong positive vorticity advection (PVA)
implies & strong vertical-motion field and
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indicetes

the presence

of marked
convergence with a resultant lifting of the air
column, Experience has shown that moderate to
strong  positive vortivily advection is probably
present in all significant severe-weather out-
breaks. Since the height and temperature changes

low-level

vorticity

advertion,

Table 1 = Summary of Key Parameters
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at 500 mb are closely associated with the fields of
both are of wvalue in
determining type of advection, orientation, and
rate of movement of the vorticity patiern, These
height and temperature changes at 500 mb
supplement the NMC charts and are especially

| RO} PARAMETER WEAK MODERATE ETRONG
b 500 mb Vortlcity Neutral or Neguilve | Contours Cross YortfContours CUross
Vort Advection Pattern oe u,l:.ﬂmnm than
30
LiTted
2 Stabllity | Index =2 -3 t0 =5 =0
Totals 50 50 4055 a3
3 | Middle Jet 35K 35K-50K 50K
Lovel Shear 15K/90 nm 15K-30K/G0 nm 30K/90 nm
ly Upper Jet 55K, 55 to 85K B5K
Level Shear 15K/G0 om 15K - 30K/90 om 30K/90 nm
5 Tow=Tevel Jet 2K 25K - 34K 35K
£ Low-Level Molsture B 8 to 12 12
T Abn-mb Mex—Temp E of Moist Midge Over Moist Ridge W of Molst
Field Ridge
g TOO-mb No-Changze Winda Crosg Line Winds Cross Line Winds Crose Lina
Line 20° 20° to Lo® ho©
9 TO0~mb Dry-Air Not Aveilable - or | Winds from Dry to | Winds Ioftrude a%
Trntrusion Avaiisble but weak | Moist Intrude at an Angle of 4o°
Wind Field an Angle of and are at least
10 o k0P are at 25K
least 15K
10 | -12=hr-8fe Fressurs 1to5HE SMB
Trlls
11 | s00-mb Helght 30 m 30 to 60'm 60 m
Changze
12 | Height of Wet-Bulb- Above 131000 £t 9000 to 13000 £1 TOOD to QOO0 £t
! Zero sbove 3fe Balow 5000 £t 5000 to. 7000 £t
13 Burface Pregourse 1010 mb 1010 to 1005 mb 1005 mb
cver Threat Ares
14 | 8fe Dew Poinmt 559% 552 to G4OF £5°F
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useful in the event the NMC vorticity propnoses
are not available. Fipure 29 is an example of the
initinl 500-mb wvorticity pattern prepared by
MMC. There is significant positive vorticity over a
rather large area with the strongest PVA
extending from southwest Loulsiane inlo cenlral
Tennessee. Since the 500-mb contours cross the
vorticity lines at a large angle (a zone of mid-level
jet winds), the rate of positive vorticity advective
change is the greatest over the stippled threat
arca. The possibility of severe weather further
north musl be considersd beenuse of the favorable
PPVA pattern, but the threat also is dependent on
the presence or developmen: of the other forecast
paramelers. The actual numerical value of the
vorticity field is probably of some importance
with higher values being indicative of o stronger
syslem. However, at this time the presence of
cross flow in the vorticity field appears to be more
significant in the production of severe storms.

b. The stability of the air column is
dependent in large part on the low-level moisture
and temperature distribution. The Showalier

Index is based on the relationship of the 850-mb
temperature and  dew  point to the 500-mb
temperature; the Lifted Index 15 oblained from
the mean moisture in the lower 3,000 ft of the
sounding; and the Fawbush-Miller Index utilizes
the mean wet-hulb temperature in the lower 3,000
ft. These indexes, which are measures of potential
instability, all require examination of the plotted
sounding and the use of tablex. Also, the Totals
Index is based on the 500-mb temperature and
the 860-mb temperature and dew point, and may
be determined hy examination of the raw data.
While all four indexes are roughly comparable,
ench has weaknesses and virtues. The chief
weakness of hoth the Showalier and Totals Index
is their dependence of the availability of moisture
at the 850-mb level. That is, sufficient low-level
maisture conld be available but not be as high as
the 850-mb level. Thus, the Showalter and Totals
Indexes would yield non-representative values
Also, the Showalter Index requires a table for
computation. T'he Lifted Index and the Fawbush-
Miller Tndex use & more representative low-level
moisture, but again these require the plotled
sounding or & machine analysis. All four indexes
give comparable results when the environmental
air mass is warm and moist, but the Totals Index
gives a more accurate picture of potanfial
instahility as the air becomes colder and dryer.

Figure 30 is an analysis of the stability field
using the Total Totals Index. It is highly probable
that in the primary instability area the Showalter,
Fawbush-Miller, and Lifted indexes would
overlay the Totals patlern since the low-level
moisture seems representative. However, in the
unstable area shown over Minnesota and
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adjacent states, the instability is due primarily to
very cold air aloft rather than to low-levael heat
anid moisture. In this area, the Total Totals more
reliably  indicates the occurrences and (he
intensity of the thunderstorm activity.

Since relocation of the MWWC o AFGWC,
five of the most important parameters have baen
combined and weighted to provide an index
specifically designed to alert the forecasier Lo
tornadeo and severe thunderstorm potential. The
five parameters chosen include: the stability of
the air column, the low level jet, the mid-level jet,
the low level moisture, and the directional shear
between the low level and mid-level winds. "T'hese
combined parameters result in the Severe
Weather Threat Index, referred to as the SWEAT
Index, described in detail in Appendix F,

e. and d. The middle-level jet and
horizontal-speed-shear zone s commonly used by
the AFGWC in preparing severe-weather
forecasts. The National Severe Storms Forecast
Center (NSSFC) prefers the upper-wind field at or
nenr the axis of the jet stream. This choice in
really immaterial since in actual practice the best
procedure is a judicious examination of both the
middle- and upper-level wind fields, Bxperience
has shown that the wvast majorily of the most
violent and widespread tornado and severc
thunderstorm outbreaks occur when the upper-
level jet pattern is strong and deep enough to be
reflected in the muddle levels (10,000 to 20,000 L
MSL). Figure 31 represents the middle-level
maximum-wind chart. The strongest wind
between 10,000 to 20,000 ft MSI. is plotted. This
particular max-wind chart is a classic example of
well-defined jet axes with marked diffluence aloft,
and represents conditions on the morning of the
Palm Sunday tornadoes, The unusual strength of
these winds in the middle levels is a direct
reflection of the intense flow at the jet-cors level.
Along with other factors, a strong middle-level jat
seems to be required for a major severe-weather
outbreak.

e, An impuortant ingredient in the produc-
tian of severe thunderstorms and tornadoes s the
low-level jet. The low-level jet is often obvious on
the winds-aloft or 850-mb chart, but is just as
aoften not identifiahle because of the distance
between reporting stations. However, a careful
stury of the wind field, temperature and contours
of the surface, winds aloft and the 850-mb chart
will sometimes reveal its probable location. In
cases where jet development has not yet occurred,
extreme care must he taken in the analysis and
short-range prognosis of the featured an the
charts, During the course of the forecast period
the first presence or development of the low-level
jet may be ascertained by closely moniluring
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Figurs 2%, 500-mb rontour and worticily pattern showing
strangast PYVA.
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Figure 30. Stability analysiz showing Telal Tetals and Lified

Indexes. Als, hopleths af the height of tha Wer-Bulb-Tere

snd LFC sre indicated.
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Figure 3I. An esample of the Mazmmum-Wind Chart for the
Falm Sunday ternadoes of 17 April 1985
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hourly changes in the surface pressure,
temperature, and wind fields. These analysis
procedures will often  provide an  extremely
accurate estimate of the development and
movemnent of the low-level jet through clues to
changes in its speed or shape.

Fipura 32 i an example of the low-level max-
wind chart, The pattern is routine excepl [or the
minor jet bamd in central Alabama. The major
feature on the chart 1= a well-marked and fairly
restricted jet around a major low center in the
northedstern Uniled  Sitates. This particular
situation did not produce severe thunderstorms
due to the lack of other necessary parameters.
However, several thunderstorms with gusts to 35
knots and tops in excess of 40,000 feet did develop
over New Jersey, Delaware, and Connecticut in
the northeastern portion of the low-level jet and
in o small instability area outhined by a 50 Total
Totlals isopleth,

f. The fow-level mosture 15 best determined
from the analysis of the lower 3,000 feet of the
sounding. Also, the 850-mb chart may be used to
determine the moisture field o the low-level
moidlure is apparent at that level. When the
plotted rounding ie not available, a third method
often used is to take the average of the H50.mb
and surfaece dew-point temperatures, Changes in
the orientation and shape of the low-level
moisture field between sounding times can be
inferred by monitoring the observed changes in
the surface dew point, temperature and pressure
patterns, and lower-cloud svstems,

g. Figure 33 shows the major features at the
850-mb  level. The most fuvorable 850-mb
temperature paitern leading to those family-tvpe
tornade outbreaks commonly associated with
tornado-producing svonoptic patterns Types A and
B, occurs when the maximum-temperature ridge
is located to the west or southwest (upwind) of the
low-level moistore ridge. This pattern places the
low-level warmer and dryer air adjacent 1o the
moist air, and, with the proper windflow, provides
the sirong moisture gradient so essential to this
type of storm. In the Type C, ), and E outbreaks
the 850-mb temperature pattern will normally be
coincident with  the low-level moist ridge.
However, in the cold-air tvpe outbreaks (Type D)
it may occasionally be found w the east of the
low-level moist ridge. Since the [ pattern is a
relatively poor tonado producer and the C and E
patterns do nol compare with the A and B in
numbers of tornadoes produced, one can logically
conclude that the temperature ridge coincident
with the moist ridge 1= & moderste tornado-
producing sitnation. (Whereas a temperature
ridge east of the moist ridge 1s weak producer. ) As

o
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discussed earlier, any changes in the B50-mb
temperature field (between sounding limes) can
be estimated from changes 1n the surface
temperanire and dew-point patterns.

h. The 700-mb No-Change Line is defined as
a line connecting points of no  advective-
temperature change at the 700-mb level. In
practice this line separntes areas of worm
atlvection from areas of cold advection, and
normally is nearly coincident with the H50-mb
warm ridge. [t has been observed that the
ardvancement of the leading edge of the no-chanpa
line into a position ahead of o pronounced
middle-level trough 8 wsually sssocioted wilh
deepening  or  intensification  of surface low
Centers.

i A TO0-mb dry intruston appears to be an
exsential ingredient for any significant outhreak
of tornadic storms. Specific values for what is
"dey" amd what i3 nol are impossible to define
since what may he classified as a dry intrusion in
ané situation may not be so classified in another,
In routine operations we consider 50% relative
humidity, dew points of less than 0°C, or a
temperature-dew-point spread of more than 6°C
al TO0 mb us "dry."" However, iU 8 gecessary in
each situation to determine whather or not the
intruding 700-mb air & significantly dryer than
the air over the threat area, Experience dictates
that this differential should he al leasi on the
order of 30% or more relative humidity, and, in
general the greater the differential and the
steeper the gradient from dry to maoist air, the
more violent will be the activity. This statement
must be gualified not only in light of the speed
and direction of the winds across the moisture
discontinuity, but must also take into account the
differential in speed and direction beiween the
low-level winds and the 700-mb flow. The most
favorable relationship between the low-level and
TO00-mb fow is when winds veer wilh heighl and
increase in speed. Figure 34 shows the major
features at the 700-mb level. While the dry-air
influx is vecurring along & rather broad frong, Lhe
presence of the strong wind axes across the
Midwest into lllinois indicates that the most
effective intrasion and grestest rale of advective
change will take place across Indiana, southern
Michigan and northeastward.

j- The 2-hour pressure fulls reliably
indicate major changes or trends in the surface
pressure pattern and reflect important changes
aloft. The movement and shape of the fall aran is
vitally important and provides clues to the
probable areas of maximum low-level
convergence and changes in the low-level wind
field. Also the fall area aids in predicting the rate
of change of low-level heat and moisture, In the
mast productive situations it does appear that
widespread pressure falls are less desirable than a
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Figurs 32, Example of & lowlsval Mazimum-Wind Chart,
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Figurn 34, Enarmple of major features at T00-mb fevel showing

jets, dry tongun, and region af significant 700-mb maisture
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pattern of more concentrated falls. Also, pressure
falls over shorter intervals of time are important
in limiting the areal extent of severc activity.

k. The 500-mb height change, in association
with the temperature changes at 500-mb, is
closely related to the 500-mb vorticity field.
Height falle provide the forecaster with valuable
clues as to the location and movement of short-
and long-wave troughs in the middle troposphere.
Sufficient data is available at this lavel Lo locate
significant zones of height falls upwind of the
threat area, and Lo assess Ltheir movement and the
resultant effect reasonably. Figure 35 is a 500-mb
charl showing & multiple-branching jet, a marked
diffluent aren and a strong horizontal shear to the
south of the primary jet Also, the marked
thermal trough has a strong temperature-fall
pattern moving in behind it Vertical motion is in
progress with considerabi moisture evident al
this level. If the pther parameters arve favorable,
this 500-mb chart would require close examinag
tion in at least three areas:

(1) The area of diffluence associated
with the well-defined jet branching

(2} “I'he arca swep: by the main jet fow
from Missouri into northern Ohkio,

(1) The area affected by the horizontal
shear south of the main jer

. The height of the Wet-Bulb.Zero above
the earth's surface is well correlated with the
incidence of destructive tornadoes, thunderstorms
and damaging hail at the surface, and is discussed
in greater detail in chapter 7. When this height is
bhelow 6,000 feet or above 11,000 feet, the
oecurence of hail and strong gusts at ground level
is rare and tornadoes are infrequent and short-
lived, The one exception to this rule is that with
Type 1T air mass tornadoes will often occur with
the Wet-Bulb-Zero above 11,000 feel, although
surface hail and strong gusts seldom materialize.

m. The surface pressure may be termed a
delimiting parameter in the sense that the
incidence of tornadoes is sharply reduced as the
surface pressure rises above 1013 mb although the
interrelated parameters a. through b. may be
presenit in strength and number. Early
climatological studies by Joseph G. Galway of the
Weather Bureau 34 7 and later tabulations by
both the Air Weather Service aml Weather
Bureau warning centers. show tornadic
occurrence at pressures sbove 101% mb to be
practically non-existent. The more destruetive
family-type tornade outbreaks occur in areas
where the surface pressure in the threat area is
10058 mhb or lower.

. The surface dew point is another
limiting parameter, similar to the surface
pressure. The incidence of tornadoss 1= quite
infrequent. at dew-point temperatures below
G6°F, and very rare when surface dew-point
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temperatures fall below °F. The tornadoes that
do ocour in these lower dew-point ranges are
cither connected with a Type ITI air mass and
associated cold pool aloft, or with a Type IT air
mass which is overrunning a shallow warm front
or old mesohigh (bubble). In the laller inslance
the funnel must have sufficient strength to
penetrate the cooled lower levels. Figure 36 is a
typical surface patiern associated with major
wevere wealher and tornado outbreaks, The
general wind field s shown along with the
temperature and dew-point ranges, The 5H6°F
dew-point line is shown by dashed double lines.

SECTION C—O1HER PARAMETERS TO
BE CONSIDERED

A number of other parameters must b
considered In the study of a potential severe
weather system, The following parameters do not
correlate with severe weather phenomena as
highly as the 14 parameters discussed in Section
B above. However, their existence during periods
of severe weather activity 15 of a frequency which
demands st least some  consideration, It s
entirely probable that many other parameters
exist that could be useful on a routine haeis hy
experienced  severe weather forecnsters, but
naturally only those parameters readily available
in the routine weather reports and analyses are
likely to be noticed,

a. The rates of change of the surface
lemperalire, pressure, andd dew Juunt are IIH!IH”}’
hased on a 3-hourly rate of change or less. Areas
of maximum positive dew-point. change and
pusitive temperature change assist in decreasing
the stahility of the air colum, while the area of
maximum npegative pressure changs provides
information as to the location of the area of most
rapidly developing low-level convergence, vertical
acceleration and divergence aloft,

b, The most favorable combined low-fevel
and middle-deve! wind felds oceur under the
following conditions.

(1) Pronounced veering [30% or greater)
between the low and middle-level winds is highly
desirable for the development of severe storms. 1t
appears that the greater the directional shear
hetween these levels, the more certain  the
development of severe activity and the more likely
its subsequent movement and maintenance of
intensity.

1#) Speed differential iz also desirable.
I cases where the amount of veering between the
low- and middle-level flow is less than 307 Lhe
middle-level flow must exceed the speed of the
low-level winds by at least 30% . Pronounced
veering accompanied by significantly stronger
winds in the middle levels is the most favorahle
wind structure for tornado development,

o—l11
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Figure' 36. Example of typical serface patiern showing major

parameters
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{3} The intersectior. of the middle. or
upper-level jets and the horizontal shear
agsociated with the low-level jet, is a preferred
zone for the development of mescsystems. The
stalements in (1) and (2) above apply cqually o
(3),

An example of a low- and higher-level wind
configuration very favorable for widespread
severe Lhunderstorm and tornade development is
shown in Figure 17, The southern threatl area is
predicated on intersection of the middle-level
shear with the low-level jet and is expecied Lo
trigger along a warm-frontal boundary or old
squall line. The intersection of the low-level jet,
horizontal shear and surface boundary would be a
favored location for mesolow [urmation. The
northernmost area containg & branching jet, a
diffluent wone, strong low-level flow and a rone of
convergence, ‘The intensity of this particular
outbreak is dependent on the stability of the air
column in the lower levels, This zone often lies to
the north of the warm fronl, and low-level
stability miay restrict the activity to overrunning
thunderstorms, hail and turbulence. The primary
severe thunderstorm and tornsdo threat area
extends from central Missouri into [llinois and
Indiana, and northeastward, A warm front or old
squall line would provide un adequate
intersecling boundary for either meso or
microscale disturbances to move along Note the
marked speed differential and pronounced
vaering of the low- and middle-level jets

e. The H50/5(M-mb thickness lines represent
lines of mean virtual temperature. Thus, thick-
ness-change lines represent change lines of mean
virtual temperature, The instability line will
develop approximately 100 miles behind the
thickness rtidge in the zone of maximum
anticyclonic shear of the wind field and near the
12-hour thickness no-change line. Fipure 38 is an
example of a BH0/500-mb thickness chart. The
thickness ridge is well-defined and is located just
ahead of the maximum anticyelonic shear in the
wind field. The 12-hour no-change in-thickness
line is evident and is followed by a pronounced
thickness fall indicating the presence of strong
cold-nir advection. Squall-line formation will
normally occur about 100 miles hehind  the
thickness ridge.

d. Areas of diffluence in the middle- and
upper-level wind patterns are favorable for the
development of =severe thunderstorms. The
diffluent areas are more often evident at or about
the S00-mb level, and are most ofien well-defined
al the 200-mb level (or at the jet level). Since
svidence of the presence of an approaching
positive-vorticity center aloft is indicated bv the
existence of a diffluent zone downwind in the
middle and upper levels, the importance of this
parameter i3 understandable.

b—14
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e. Experience has shown that the Level of
Free Canvection should be below 600 mhb for a
severe-weather occurrence. Ih faet, an
examination of over 400} tornado cases indicatled
that 0% occurred with an LFC between 640 and
B850 mb,

SECTION D—FORECASTING SEVERITY

Une of the most difficult problems faced by
the severs-weather forecaster, is whether to
forecast severe thunderstorms, or severe thundaer-
storms accom anied by tornadoes, For the most
part, the same parameters will probably be
present, in varying degrees of intensity, lor gither
phenomenon. Any hope for reasonable
discrimination depends on certain  synoptie
features. The parameters of Table | which appear
to be absolutely necessary for severe-thunder-
storm development, and are also associated with
(but not sufficient for) turnudic storms, are:

a,  G00-mb vortivity

b.  Stahility of the air column

¢. Low-level muoisture

d. 700-mb no-change line

e, 12-hour surface pressure fulls

f. 500-mb height change

g. Height of the Wet-Bulh-Zere

With the additional but not necessary
PATAMELETS!
a. HRate of change of the surface

lemperature, pressure, and dew point,
b. The B30/300-mb thickness patiern
. DilMluent areas aloft
d. A low Level of Free Convection

The paresmeters which seem especially vital
to the development of tornadic storms appear Lo
be:

2. Middle- and upper-level jets and shear

b. Low-level jet

. The B50-mb maximum temperature field
(strong moisture contrast)

d. 700-mb dry tongue or intrusion

e. Burface pressure over threat area

[ Surface dew points over threal area

Generalizing the abouve, the most critical
factors leading to the final determination of
ultimate intensity are:

a. T'he availability of low-level boundaries
or zones of intersection to provide a favorable
environment for the development of intersecting
lines, with the resultant development of
mesoscale bubble highs and mesocyclones.

b. The proper configuration and strength' of
the combined lower-zone and higher-level wind
fields.

P
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Figure 37 Example of low- and higheideval wind Fields.

regiany of severs weathar sciurmences.

Stippled sremy nutline
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Figute 38, Example of a B30/500 mb Thizskness Chart showing
max thicknmis falls, ruchange thickness line, thickness ndges
snd max anticyclanic shear 1ons.
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Figure 19. Examples of genitent (warm frentl and tranvitory
isguall hne} features land old sguall bine) n the swrfage and

lowelewel cireulatian

—17



Technical Report ZO0HRev)

¢. The existence of steep horizental
maodsture  and tempernlure gradients in  the
atmosphere over the threat area

In regard o a., there seems little doubt that
the vast majority of tornadoes, and especially
those vecurring in groups or families, require the
presence of a mesoscale perturbation moviog
along a well-defined bhoundarv between two
dirsimilar air masses. The dissimilarity maoy be
major, in the case of a squall line moving along a
macroscale warm front (Figure 39), or very minor
and transitory as in the case of o bubble squall
line intersecting a decaying squall line. A elose
epxamination of signficant toraado outbreaks wall
invariably  show wellsdelined poths o severe
activity, perhaps only 10 to less than 30 miles in
witdth, The mesolow is of prime importance in the
development of tornadic activity. Severe-weathes
forccasters have often noted that widespread
pressure falls appear more fovorable for the
production of strong straight-line winds than
tornadoes. A more concentrated area of falls,
atsociated directly with o mesostructure feature,
is more favorable for tornadoes

In regard Lo b, most proposed torsado
models and detailed analvees of actoal cases
emphasize the need for moderate to strong inflow
of low-=level air currents of contrasting
temperatures and moisture into the threal aren.
The presence of this low-level flow is further
anhanced hy the availability of strong upper-level
flow patterns conducive to the development of
loweal vertical motions, 1t seems evident that the
stronger antl more concentrated the low-level
flow, the more likely a developing vortex can
intensify and maintain itsell, Experience dictates

>—18
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that the most favorable of the low-level or
middie-level wind felds [ur tornado development
include those with pronounced veering hetween
the moist low-level flow and the flow aloft. That
is, the greater directional shear between these
levels, the more likely the formation of toroadic
storms. Development 15 even more certain if the
Mo above the moist layer veers 30 degrees or
mare and the speed is much greater thao 20
knots. As has been pointed out on previous pages,
the intersectinn of the middles or upper-level jots
and shears zones with the axis of the low-level jet
is o preferred site for mesocyelone development,
In regard to ., the 850-mb temperature patlern
and the availability of dry air at or near the 700.
mb level are closely associated with the Type A
and B tornado-producing synaplic patterns, which
account for the vast majority of family-type
outbreaks in any given year. In both of these
patterns the availability of warmer and deyver air
to the southwaest of the threar area 18 a signficant
synoptic feature. In the remaining three types, the
dry-air intrusion is more probable at or tear the
T00-mb level, There is evidence that all tornadoes
may regquire some sosatarated aie aloft to steepen
the lapse rate through evaporative cooling or
some other cooling process; in order to produce a
vondition approaching absolute instability, Some
controversy may be expected as b the probability
of an autoconvective lapse rate existing in nature,
It iy suggested thal this condition will not persist
over any measurable time, because il must be
immediately erased by overturning and mixing of
the air mass. This process may result in the
spectacularly rapud growth of giant cumulonimbi
followed closely by the development of larpge hail
swnd tornadic slorms.
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Chapter é
FORECASTING IN THE SUMMER MONTHS

SECTION A—GENERAL

The summer months (July, August, and
September) present a special problem to the
severe-weather forecaster. Major systems are
weak, continuity of moving features erratic, wind
and temperature fields poorly  defined, and
thunderstorm ocourrences widespread, Since
instability is high over most of the country during
this period, the forecaster must be vigilant and
carefully analyze and monitor all available
information to isolate fratures which might
penerate 4 sustained thunderstorm impulse

Almost any summer thunderstorm  can
produce violent winds over a localized area and
even damaging hail if the Wet Bulb-Zero height is
favorable, The surface temperatures are usually
high, 8o the downrush air has the potential to
produce very strong local gusts The threat of
suminer storms increases deamatically when some
macro or mesoscale feature permits a zone, area
or line of these storms to develop and move for o
considerable period of time. However, these
storms are usually isolated and short-lived, and
the area affected ig an the order of | to H square
miles. Thus, these storms usually do not present a
frequent hazard Lo specific bases or locations

Since the wind and temperature [lields are
normally weak and the Wet-Bulb-Zero s high in
a summer air mass, the number of tornado
sceurrences is quite small, but the frequency of
straight-line damaging windstorms incresses
proportionally. Hail is infrequent over the
country, but the incidence of large hail in certain
geographical areas® increases in major outhreaks
bhecsuse of the abundant supply of low-level
moisture and heat. Scvere thunderstorms are
more frequent during these months over the
northern plaing including Montana and
Wyoming, because significant cool-air intrusions
still frequently penetrate into the north central
and norlhieastern portions of the United Statss
Although there are more hours of low-level
heating available during the summer, especially

*These areas are along the Continental Divide

eastward inte the High Plains to lTowa,
Minnesota, northern Missouri, Wisconsin,
Michigan, and most of Illinois. Damaging

hailstorms are also frequent over the Carolinas
and southern Virginia during the summer months.
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over the northern portions of the country,
stabilization due to nocturnal cooling in the lower
layers is slight. This results in a more frequant
severe activity during the nighttime hours than is
normal for the rest of the vear, The ocourrence of
severe  thunderstorms  after  midnight in the
summer months 18 pot rare and even common
during » major outbreak

SECTION B—SOURCE REGIONS 1'OR
SUMMERTIME OUTBREAKS

A major source region for summertime
severe-wenther outbreaks lies over the High
Plains along the vastern slopes of the Rockies
fron New Mexico northward, In this region the
formation. of middle-level thunderstorms . is
common during the late alternpon and evening
and is primarily dependent on the uvailability of
700- and 500-mb moisture and a weak middle-
level convergence field, These storms show little
inclingtion to drift eastward when the upper
winds are light and variable, However, it has
been observed that if several cells develop in a
fairly restricted area and there is loan] cooling due
to heavy precipitation, the result is the formation
of bubble (mesohigh). Even withoul the deag of
middle-level winds, a bubble of a central pressure
of 2- to 4-mh higher than the surrounding air-
mass pressure will move downslope because of the
density difference. 'This movement initiates more
thunderstorms with  potentiality for severe
activity. The thunderstaorm bubble 19 nol likely to
persist for more than 2 ta 4 hours and usually
weakens rapidly after moving east of a general
ling from Amarille, Texas to Maobridge, South
Dakota. The normal movement is toward lower
pressure and higher temperature, and is usually
al 30 degrees to the right of any signilicant
prevailing middle-fevel flow.

The lee-slope bubble sguall line is far more
dangerous when the middle-level convergence
becomes hetter defined, along with an increase in
the westerly component of the middle-level winds.
Middle-level [ow of 20 knots or greater is highly
correlated with the movement of a strong bubble,
or series of bubbles, and with the movement of a
major squall line off the mountains eastward into.
the plains. A wind component from south of west
will cause a line to move east or northeast at
about the speed of the middle-level flow, and any
activity that develops usually will degenerate into
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mere showers around 12002, This south-ol-west
wind component will keep the activity north of
the Kansas-Nebraska border, the most intense
storms  being associated with the strongest
middle- and low-level winds. These storms
undergo sharp intensification as they move into
the weslern plains and entrain air of higher
surface dew points. The intengity and persistence
of these mountain squall lines is proportional to
the strength of the wind fields and o the number
of the standard forecast parameters that are
favorable.

When the surface and low-level winde are
casterly in the lee of the Rocky Mountains, the
sttuation 18 more favorahle for the production of
widespread numerous heavy thunderstorms with
gevere-storm development in the ineeption area.

When the. middle-level flow is west or north
of west, the major outbreaks will move maore
sotheasterly and the activity will persist until
12007, The squall lines usually degenerate once
they pass a line from Wichite Falls, Texas to Des
Maoines, Towa, but this degeneration is dependent
on the source region and length of the squall line.
These squall lines are likely to recur on successive
nights during a stagnant synoptic situation. This
same type of activity occurs along the Continental
Divide over portions of western Montana and
western Wyoming,

The Appalachian Mountain Chamn and the
Fastern (Coastal Plain are  geopgraphically
favorable for the development of signficant
summer thunderstorm activity. The formation
and movement of the storms are governed by the
same factors that control development along the
Rocky Mountains, but the incidence of severe
thunderstorms & mnre concentraled in  the
afternoon and early evening hours. Thi= afternoon
preference is due Lo the low-level heating and
high dew point of the tropical air mass

SECTION C—FRONTAL INFLUENCES

There is little deuhbt that the most destructive
severe-wealher outbreaks in the summer are
associated with southeastward moving =urface
cold fronts or a west-northwest or northwest flow
in the mid-troposphere. Positive wvortieity
advection 18 necessary but may not be apparent
due to the weak thermal fields aloft and
smoothing of the data. The stronger the system
the more likelihand there will be widespread and
long-lived activity if sufficient instability is
present. These outbreaks develop most frequently
after 02002 in the Dakotaz or Minnesola and
move east or southeast into Towa, Wisconsin,
1llinvis, Indiann, and western Ohio, Along the
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Appalachians the systems are most lrequent and
active hetween 20002 and 02002, and are usually
associated with a persistent westerly middle-level
flow. Also, the activity will continue through the
night and the storms are likely to repeat on
several successive nights, Once developed by the
front the squall line will more southeastward,
usually confined to the north of a8 weak warm-
frontal boundary. The activity of the squall line
and the precipitation cooling of the air below the
front has been vhserved to reinforce this frontal
surface. Given favorahle low-level winds such a
reinforeed boundary may experience lale
afterncon and evening overrunnming, usually
resulting 1n an outhrunk of hail-producing
thunderstorms  downwind of where the next
evening squall line might otherwise have been
expected, This svnoptic pattern produces o
multiple squall-line situation which increases the
future chances for sguallline intersections and
the development of mesostructures. Depending on
the extent and strength of the upper-wind Mow,
the southenst or leading edge of these old squall
lines oceasionally will reactivate during the next
afternoon and move south or southeastward inlo
the Gulf Coastal States,

SECTION D—ANALYSIS

The key to successful summertime severe
thunderstorm forecasting ig, as always, meticulous
attention to detail. During this period of
widespread unstahle air any organization of the
normally scattered convective tcells must be
detected and monitored. The surface chart muar
be carefully analyzed for persistent and transitory
features, lows, fronts, convergence zones,
mesohighs, mesolows, old squall lines and
changes in the pressure field. The National Hadar
Chart and local radar are useful for locating
areas where lines seem to be forming or thunder-
storms collecting. Alsn, close examination of the
hourly sequences (including the remarks) may
provide a clue to the areas where thunderstorms
are apparently becoming more numerous or
organized.

The 850-mb chart is analyzed for many of the
same features as the surface chart, and for the
sources of dry and very hot intrusions, The apex
of het intrusions iz a favored area for the
development of summer severe storms, The low-
level wimd field provides a look in depth at low-
level convergence and may indicate development
of a low-level jet

The TOl-mb chart is analyzed for minor
troughs, convergent zones, horizontal shears and
the availability of moisture. Cold-air advection is
looked for and the location of dry hot intrusions

o v
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Figure 40. Composite Chart for 12001 26 Auguat 1945 Iy a

typical wummerhime severe-weathar pattern
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indicated as on the 850-mb chart. During summer
months the more significant storms appear to
form north and northeast of the +10 to +14
isntherms at the 700-mb level.

The H-mh wind and temperature fields are
of extreme importance as are the location of
diffluent arens. The presence ol any baml of
milerate to strong winde or horizontal-shear
zones is indicated. The middle-level max-winds
provide information supplementing the 700- and
H00-mb charts, At 500 mb, temperatures warmer
than -7°C are infrequently associated with severe
activity and  usually permit  only  isolated
ocourrences of etrong pusty surface winds and
heavy rain,

SECTION E—TYPICAL “XAMPLE

Figure 40 is a 12007 Comporite Chart for 26
Aungust 1885, This situation as fairly typical of the
more significant summer outhreaks for which the
forcenst parameters fall in the categories of
moderate to strongly fovorable: The activity
began just ahead of the ht dey intrasions at 850
and TO0 mh and very near the axis of the 850-mhb
maoisture. Near 00002 in western North Dakotn, o
squall line developed hecause of moderste cold-
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air advection, moved soulheast, and merged wilth
the thunderstorms which had formed along the
dry intrusions. A series of bubbles then developed
and several short squall lines progressed south-
eastward with the activity ending as the primary
line from western North Dakota passed. Severe
thunderstorms  and considerable hail oceurred
over the stippled area and the lncations of several
damaging windstorms (W) are indicated,

Interesting features include the hroad
diffluent area extending from central North
Dakota into central Missouri and the well-defined
dry-air intrusions. The 700-mb temperature and
dew point were 14* and -4° at Denver, 11° and 4*
at North Platte, and 6% at SL Cloud, Minnesota,
Thunderstorms also developed over southeastern
and costern New Mexico along the 850-mb dry
line within this area, but spread southeast only to
a line from Amarillo ta Big Springs due to the
weak middle-level wind field in that area,
However, a bubble did lorm along the les slape of
the mountaing in southeast New Mexico and
moved down slope producing o gingle damaging
wind =storm  just north of Midland, Texas,
Although the air mass was unstable in this area,
the favorable parameters were concentrsted
further north,
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Chapter 7
THE WET-BULB-ZERO HEIGHT

SECTION A—GENERAL

In many instances when severe activity
including tornadoes, hail and surface gusts are
predicted and severe thunderstorms form, the
damaging phenomena fail o reach the surface.
Careful examination of many of these situations
indicates that the Wet-Bulh-Zero (WBZ) height
above the earth's surface may be the best single
index for discriminating the cases in which the
damaging phenomena affect the ground, Figures
41, 42, 43, exemplify how well the severe-weather
activity at the surface is imited to regions where
the WRYZ height is greater than 10,500 feet above
the terrain, The areas north of the 10.500-foot
WRY contour are of lower WBZ heights and only
therein are the severe storms prevalent These
and many other examples suggest that the 10.500-
fnot WBZ isoline provides an effective separation
of arens where severe phenomena resch the
surlace from areas where they do not. Thus, this
line offers the severe-weather [orecaster an
exceedingly useful tool for determining the most
probable extent of severe-weather phenomena ut
the earth's surface, when other criteria predict
they are likely to oceur. Of course not all ureas
with above 10,500-foot WBZ heights necessarily
have severs storms.

SECTION B—RELATIONSHIP OF HAIL
SIZE TO THE WET-BULB-ZERO HEIGHT

Siudies of hail storms disclosed that aver
90% of reported surface hail occurred where the

mﬁ.zwm Theight was hetween 5,000 and 12.000 feet

ahove the terrain, In situations where the larger
sizes were reported, the WBZ lheights were
clustered around an average height of about 3,000
feet above the terrain. When WBZ heighis were
above 11,000 feet or below 7,000 feet, the
frequency and size of hail diminished rapidly.
Also, when the WBZ heights were above 12,000
feet or beluw 5,000 feet, the hail size at the
surface was reporied no larger than Lid-inch in
diameter regardless of the instability of the air
mass, Based on an extensive list of reported
hailstorms and the associated soundings, Figure
44 shows the distribution of cases by increments
of the WBZ heights, This histogram (revised from
an earlier study) emphasizes the concentration of
large hail in the 7,000 to 11,000-foot range of
WBZ heights, and the sharp cut-off of hail
pecurrence above 11,000 and below 7,000 feet.

SECTION C -RELATIONSHIP OF
TORNADOES TO THE WET-BULB-ZERO
HEIGHT

Tornadoes are not confined to the sume WBZ
height ranges as hail, except for the Typa I or
family-type tornadoes which have a maximum
WEBZ height about 8,000 feet above the terrnin,
Figure 45 presents the distribution of Type I air-
mass situations £ 17 ] which produced one or
more tornadoss. Tnerements of WBZ height above
the terrain are denoted on the ordinate. The
Figure shows the 68% of the tolal cases occurred
with WBZ heights in the range from 7,000 to 9,000
feet. Figure 46 shows the number of reported cases
of Type 1 tornado situations which produced
families of five or more tornddoes, nerements of
WHBZ height are defined on the ordinate, and
Figure 46 shows that toral ol 42 gr 70% of the
cases ocourred when the WHZE heipht was helween
7,000 and 9,000 feet.

The Type 11 Gulf Coast air mass does not it
the WBZ height category for Type | air-mans
convection in nature and the moetsture extends to
great heights producing a higher WHZ height, In
this particular air iype, thunderstorms rarely
produce surface hail or strong surfoce gusts
outside the immediate vicinity of the tornado,

Generally Type Il tornadoes occur singly,
and reporis of more than two or three tornadoes
are rare. A histngram of 73 Type 1l tornado
situations with WBZ heights is presented in
Figure 47. The majority of Type Il tornadoes
oecurred with WBZ hemghts in the 11,000 to
14,000-fuot range. Two or three tornadoees were
reported in 26 of the above 73 situations, Al
more than three tornadoes peeured in four cases,
Thunderstorms wind gusts of fifty know ur greater
were reported at the surface in six of the 73
situations, and 1/4- to 1/2-inch hail was reported
at the surface in 11 cases. Situations wilh both
wind gusts of {ifty knots or greater and 1/4- ta Lj2-
inch hail were reported in four cases. No hail sizes
ahove 1/2-inch were reported,

SECTION D —RELATIONSHIP OF
SURFACE WIND STORMS TO THE
WET-BULB-ZERO HEIGHT

Destructive winds in squall lines and air-
mass thunderstorms are dependent on the
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Figure 44, Cases of hall of various sizes by selected ranges of WetBulb-Zere height above the lerrain {32% Repaits),

downward surge of a strong wind current alaofr,
the temperature difference between the downdraft
and environmental air, #nd the forward
compoenent of the storm. A preliminary
examination of over 500 cases of thunderstorm
winds of 50 knots or greater shows much the same
distribution on the WBRZ histogram as for the
occurrence of all the hail cases,

SECTION E—USE OF THE
WET-BULB-ZERU HEIGHT
IN THE FORECAST PROCEDURE

The WBZ height is determined as an integral
parl of the analysizs routine These heights are
entered on & chart in hundreds of feet above the
earth's surface and are analyzed for 500-foot
intervals hetween 12 4500 feet and 3,000 feer., The
10,500 and 7,000-foot isopleths are shaded to
indicate the most probahle limits of =evers-
weather phenomena at the surface. The analyst
must evaluate carefully the atmospheric
soundings and avaid use of unrepresentative
values of WHZ heights. Possible WBZ  height
changes due to dry or moist advection and Lo
changes in other parameters are considered
However, it has been observed that the height
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values vary little from charl to chart, and maost
major height changes occur with the outbreak of
the severe weather. T'he judicious use of the WEZ
height can assist Lhe forecaster in determining the
general areal limic of the severé-weather phe-
nomena at the surface, and in many instances
delineate the axis of maximum activity, Alsa, the
WBZ height may be used to forecast the
development of sguall lines, since Lthere 8 3
delinite lendency lor squall lines to develop along
the ridge of warmer WBZ heights if the middle-
level wind tlow is spproximately normal to this
ridge. Experience suggests that the WBZ height is
an indicatar of whether or not damagivg
phenomena will reach the surface. Pilob reporis
muay [requently indicate damaging phenomena
aloft in a region of an unfavorable WBZ height,
while in an adjacent region of a more favorable
height these phenomena will reach the surface.
The Wet-Bulb-Zero height chart has proven Lo be
extremely useful lor monitoring the location of
given WEBEZ height-contour values,

SECTION F—CONCLUSION

In forecasting severe local storms, the
experience gained over the yvears indicates that
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only the most careful attention to detmil in
making and interrelating the analvses of the
atmospheric fields can produce a successful
forecast, and the WBZ height alone cannot be
used as o unique predictor. The histograms
discuased in the previous sections show a
statistical distribution for the approprinte air-
structure type, but regardless of whether ur not

—7

Typa Il tornade citss fone or more fornadoer) occurding with welacted ranges of Wei-bulk-

thunderstorms  [orm in the air structure, the
distribution of WRBZ heights, may be the same,
Therefore, one cannot concluda that since
damaging phenomena reach the surface more
frequently for some ranges of WBZ heights than
uthers, that oceurrences are depandent only on Lthe
WEBZ height.
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Chapter 8
THE TOTALS INDEX

SECTION A—GENERAL

Since the severe-weather forecaster has little
time to digest a large amount of information, the
MWWC developed several semi-objective forecast
short-cuts. One of these time-savers is to use a
computer to analyze and plot sounding data.
During the past two years, considerable success
has been achieved by using the early radiosonde
{SLAM) data to prepare a stability analysis based
on the 500-mb temperatures and the B850-mb
ternperature and dew point. This muchine plotted
chart is now prepared twice daily by the AFGWC
and is available to the forecaster one hour and 30
minutes after data time. The plotted data consists
of the B50/500-mb thickness, the 12-hour thickness
change, the Showalter Index, the thermal wind,
and the Vertical and Cross Totals, Vertical
Totals i the BO0-mb dry-bulb temperature
subtracted from the 850.-mb dry-bulb
temperature, Cross Totals is the 500-mb dry-bulb
temperature subtracted from the 850-mb dew-
point temperature,

The significant isutherms at 500-mb for the
senson of the year are often plotted on the chart
Significant isotherms at 500 mb are a critical or
threshold value of temperature at that level for
moderate to severe thunderstorm activity during
certain seasons of the year Critical values
currently in use hy the AFGWC are as follows:

a. December, January, February (-16°C)

b, March, April, October, November (-147C)

¢, May, June (-12°C)

d. July, August, September (-107C)

These walues enable the forecaster to
maintain continuity on the advection pattern and
serve to alert him to potential threat areas. The
temperatures over the threat area are studied, but
of more importance are the temperatures upwind
of the threat area, especially if eold-air advection
toward the area iz probable

SECTION B—STABILITY VERSLS
THUNDERSTORM OCCURRENRCE

In nearly all cases of major severe thunder-
starm outbreaks, little cooling oeeurs at 500-mb
over the threal area. In actuality, slight warming
due to advection or the release of latent heat is
likely to occur. As long as heat and moisture are
added to the lower levels of the air mass, slight

warming in the middle and upper levels will not
increase the actual stability, The severe-weuther
furecaster looks for three possible non-adiabatic
modilications in the structure of the atmusphere
which will cause Lhe air maoss to becoma more
unstable (actually and/or potentially):

a. Holding the top of the air column
constant or warming it slightly, and adding heat
and moisture to the botlom;

b. Cooling the top of the column and
holding the lower-level temperature and dew-
point values nearly the same, and

. The simultaneous occurrence of cooling at
the top and heating at the bottom of the air
eolumn (which seldom huppens),

The Tatals Chart is very useful in loeating
potential areas of thunderstorm development,
Further reflinement of these areas is dependent
upon accurate analysis and prognosis of the wind
and moisture fields, frontal systems, and areas of
positive vorticity advection (I'VA)

Vertical Tatals (VT's) are analyzed for
values of 24 or greater by 2-degree intervals. In
the United States the value of 26 appears to be
reasonable for a thunderatorm oeeurrence without
regarding moisture, except along the coastal areas
of the Gulf States where valucs less than 26 are
often associated with thunderstorm activity, In
the British Isles this value is near 22 and in
western Europe is about 28, Since the Vertical
Totals are derived withour regard Lo muisture, it
is not practicable Lo call for thunderstorm activity
based on the VT's alone, except in an island
climate or along the windward side of coastal
mountains, or over large bodies of water such as
the Great Lakes. To further delineate the
potential thunderstorm areas and probable
intensities, the Cross Totals (CTs) data are
analyzed for 2-degree intervals.

SECTION C—USE OF THE STABILITY
CHART

The severe-weather forecaster first outlines
thuse areas having Verticul Totals of 26 or
greater, Cross Totals of 18 or more, or a Total
Total (TT) of 44. These areas are then refined by
the 500-mb moisture field. For the area west of
the Rockies, significant 500-mb aor T00-mhb
moisture will initiate thunderstorms regardless of
the wvalue of the Cross Totals, ("Sigoificant

f—1
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moisture’’ is a B-degree temperature-dew-point
spread at either level, or a dew point of -17°C or
warmer al 000-mb, and 0°C or warmer at 700.
mb.) Lack of 700-mb maisture will not preclude
development as long as sufficient 500.mb
muoisture is present. However, development s
more certain and cells are more numerois when
both levels indicate available moisture. These
thunderstorms are largely orographic in nature
and their development 1s highly correlated with
Vertical Totals and the presence of available
moisture, Assuning an adequate moismre field
the following walues are usually effective in
producing Lhunderstorms west of the Rochies,

a. If the Vertical Totals are less than 28,
forecast no thunderstorms

b, ITthe Vertical Totals are between 29 amd
32, forecast a few thunderstorms.

o I the Vertical T'otals arve over 32, foreeast
seattered thunderstorms,

Usually these forecast thunderstorms will
produce pusts of less than 35 knols andior smaull
hail only. lleavy and severe thunderstorms
retpire o large supply of low-level moisture ot the
HE0- andfor T0-mhb level, depending on terrain
height. Moisture need not, of course, be directly
over the ares of concern, but i oo position to
affect the area.

Fast of the Rovkies the same relalionships
hold true with the proviso that low-level moisture
i present, Here the CrossTotal threshold value
of 18 18 used as the lower lmit for thunderstorms,
and a Total Total of 44 i a minimum, These
values are only guides since terrain and local
effects will occasionclly combing w produce
thunderstorms outside the forecast area.
However, such vecurrences will be in the minority
and will uvsually be confined to the following
HIeas,

a, Along the immediate Gulf Coast and over
the Gulf Stream the Cross Totals appear to he the
deciding factor. A CT of 16 or more coupled with
a VT of 23 or 24 often will produce =
thunderstorm.

b. Along the windward slopes i the Pacific
coastal mountains the Vertical Totals sre most
important, ecspecially when associated with
positive worlicily advection and evelonic flow
aloft. Vertical Totals over wesiern Oregon and
Washington and northern Califormia of 30 or
maora will uswally produce scattered

May 1972

cumulonimbus, a few thunderstorms and hail
pellets

. Ohver the Great Lakes, the Vertical Totals
are again the most important. A VT of 30 er
greater should be suspect, except when the Lakes
are mostly frozen over,

Aler outlining those areas where the air
mass is capable of supporting thunderstorm
activity, the severe-weather [orecaster must
further refine his forecast by an appraisal of the
changes to be expected in the overall svnoptic
pattern during the forecast period, The NMO
facsimile analyses and vrognoses are available
and special emphasis is placed on the 12-houy
vorticity prognosis. The movement of vorticily
centers and any changes 1n the advection pattern
are carefully noted and forecast arens adjusted
accordingly. The Vertical, Cross, nnd Tow] Tolals
are used to assign degrees of intengity to the
various areas under study according to cntegories
listed i Table 2, The colors refer o tntenyitivy of
severe weather  activily oo oare diseassml o
Chapter 11

These Cross Totals along with Vertieal
Totale of 26 or greater are adequote for a first
approximation of intensity. The higher the
Vertical Totals pverlying the ares of significant
Cross Totals, or the higher the Vertical Totals
upwind, the greater will be the severily and
certainty of thunderstorm development. The final
refinement of the forecast arcas is dependent on
the accurate timing of the develppment and
movement of anficipated trigger action,

The AFGWC has ploced tnereasing emphasis
nn the use of the Tatal Totals (T'T) in day-to-day
forecasting. While it is still advisable to consider
the Vertical and Cross Totals, it does appear that
the TT is more reliable single predictor of severe
activity in both warm- and cold-air situations.
During 1964 and 1965, 92% of all reported
tornadoes occurred in air masses having a TT of
a0 or greater. Most of the lfamily-type outbrealks
aceurred with & TT of 535 or greater. However,
Total Totals must be used with careful attention
to either Lhe Cross Totals or the low-level
moisture, since it s possible to have large Taisl
Totals due to the temperature lapse rate with
little supporting low-level muoisture. Appendix B
provides an excellent discussion on the use of
Totals charts.

3



May 1972

Technical Report 200(Rev)

Tahle 2 - Relationship of Severe Weather Intensities to
Magnitude of Cross, Vertical and Total Indexes
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Chapter 9
FORECASTING HAIL SIZE

SECTION A—GENERAL

Hail size forecasts are made from a disgram
prepared at the MWWC. This diagram (Figure
48) is based on data obtained in reports of wind-
tunnel hail tests and estimates of the updraft
velocities in thunderstorms £ 16 7,

SECTION B—DESCRIPTION OF
TECHNIQUE

The Tfirst step in forecasting hail 15 to
determine the Convective Condensation Level
{(CCL). This parameter is evaluated on the
adiabatic chart by finding the mean mixing ratio
in the moist layer of the lowest 150 mb, and
following this saturation mixing ratio line to its
intersection with the sounding dry-bulb
temperature curve, Next, the moist adiabat
through the CCL is traced up to the pressure leval
where the dry-bulb air temperature is -5°C, This
pressure level, the dry-bulb temperature curve
and the moist adiabal through the CCL form a
triangle outlining a “positive’’ area. The
horizontal coordinate in Figure 48 is the length of
the horizontal side of Lthe triangle in degress
Celniug,

The vertical coordinate in Figure 48 is the
length (in degrees) of a dry adiabat through the
triangle. This length iz measured from the
pressure at the base of the triangle to the pressure
of the CCL,

SECTION C—EXAMPLE OF TECHNIQUE

In the sounding shown in Figure 49, the CCL
is Point A. The moist adigbat from the CCL to the
pressure level where the free-air temperature iy -
5°C js the line ADB'. The isobar from the point
where the air temperature is -5"C to its
intersection with the moist adiabat s the line
BB. The dry adiabat from the isobar BB’
through the triangle to the pressure of the COL is
the line HH'. The base of the triangle (BB'), in
degrees Celsius is 6° (from plus 1% to minus 5%).
The lepgth of the dry adiabat through the triangle
i 21"°C (fron minus 4° ta plus 17"}, The valus an
the hail graph with a horizontal coordinate of 6
wind 0 overtical cogrdinate of 21 i o forecast of
one-inch hail.

SECTION D—TROPICAL AIR MASSES

Along the Gulf Coast or in any air mass
where the Wet-Bulb-Zero height s above 10,500
feet, the hail size derived from Figure 48 is too
large. Corrections for this effect are obtained by
the graph in Figure 50, The hail size derived from
Figure 48 1z entered on the horizontal coordinate
of Figure 50 and the corrected hail size read off is
vompatible with the height of the Wet-Bulb-Zero
temperature, For example, a hail size of one inch
from Figure 48 is reduced to o 1/4-inch hail
forecast if the Wet-Bulb-Zero height 15 11,800 leet.
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HAILSTONE DIAMETER IN INCHES
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Chapter 10

FORECASTING MAXIMUM WIND GUSTS
OF CONVECTIVE ORIGIN

SECTION A—GENERAL

The AFGWC uses Table 3 to forecast the
speed of maximum wind gusts, Table 3 is based
on the empirical formula

(1) = 13N s

Since a large number of oundings are cvaluated
al the MWW, this formula was devised uss o

simplification of a more basic formula [ 41 J:
2] b id 1 v I_r_' t I_ gy

3
where:

a. V'ig the speed of max.mum wind gusis;

b. T, is the Dry Instability Index; and is
deflined in Section B

c. T, is the Downrush Temperature
subtracted from the dry-bulb temperature just
prior Lo thunderstorm passage; and

d. V is one-third of the mean wind speed
expected in the lower 5,000 feet sbove the ground.
Local forecasters are urged to use the formuls of
equation (2) for the local refinement of wind
warnings. For computing T use Figure 31, and
for Ty use Figure 52

The T, method is quite reliable in indicating
maximum average wind gusts. To caleulate the
probable maximum peak gust, one-third of the
mean wind speed expected in the lower 5,000 feet
ahove the ground (V) should be added to the
average value obtained,

SECTION B—DETERMINATION OF T,
. AND T,

T, iz found in one of two ways:

a. If the sounding has an inversion, the
moist adiabat is followed from the warmest point
in the inversion to 600 millibars. The temperature
difference between the intersection of the moist
adiabat at the 600-mb isobar and the temperature
of the dry bulb at 800-mb is Ty. The inversion
{top) point should be within 150 or 200 mb of the
surface and must not be susceptible to becoming
wiped out by surface convection.

b. If no inversinn appears on the sounding,
or if the inversion is relalively high (more than
200 mb above the surface), a different method is

used to find T, . The maximum temperature sl
thie surface is torecast in the usual manner. A
moist adiabat is projected from the maximum
temperatire to the 800-mb level. The temperature
difference between the intersection of the moist
adiabat and the 600-mb surface and the dry-bulb
temperature at 600-mb is T .

T, is found by first locating the 0°C isotherm
an the wet-bulb curve. A moist adiabat through
that point is followed down to the surface and the
femperature at that point recorded. This
temperature is subtracted from the dry-hulh
temperature (or the forecast free-air temperature)
giving the value of Ta.

SECTION C-DETERMINING THE GUST
DIRECTION

For the direction of the maximum wind gust,
the mean wind direction in the layer helwesn
10,000 and 14,000 fest above the terrain is used.

The effect of the shift in speed and direction
between the existing (or forecast) surface wind
and the thunderstorm pust wind must be
evaluated, in euch instance;, by the station
weather officer. For example, a strong southwest
surface wind which will he followed by a
maximum gusl from the northwest may require
modification of local plans Lo protect parked
aircraft. Hence, local wind warnings should be
quite explicil when Lhis type of situation appears
likely.

SECTION D —ALTERNATIYE
FORECASTING METHOD

The AFGWC has a second method for fore-
casting maximum gusts, which is particularly
useful when applied to isclated air-mass
thunderstorms and/or squall lines. This empirical
system uses the graph in Figure 53, The graph
then indicates the probable minimum, mean, and
maximum gust speeds. This method also predicts
the direction of the maximum gust to be in the
same direction as the mean wind between 10,000
and 14,000 feet above the terrain.

SECTION E—SAMPLE FORECAST

Assuming the sounding as shown in Figure
51, a gust forecast 1s found by the following steps:
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Table 3 - Use of T; fur Maximum Wind Gusts

T, Values in °c %ﬁﬂ?{%ﬁt T, Values in “c Méifgﬁm [E?E}t
3 17 1h Ly
L 20 15 hg
5 23 16 sl
£ 26 AT 53
T 29 18 59
8 2 19 5T
9 35 20 58

10 37 21 60
11 39 22 ol
12 k1 23 63
13 b5 24 6L

25 65

a8, A moist adiabat is projected from the
warmest point of the inversion to the B00-mb
surface, and the temperature at that intersection
point is found to be 0.8°C.

b. The dry-bulb temperature at 600-mb is
-T1.8°C, 8o that T, is about 8°

¢. Entering Table 2, the value of V' is found
te be 38 knots. To this value add one-third the
mean wind speed in the layer from the surface to
5,000 feet to obtain the maximum peak gust.

d. The forecast wind direction of the
maximum gust is the same as the mesn wind
direction from 10,000 to 14,000 feet above the
terrain,

Another forecast example uses the sounding
of Figure 52.

a. A maist adiabat from Wet Bulb Freezing
Level is projected downward to the surface and

10

the temperature at the intersection poinl is found
to 12°C,

b. Since the surface dry-bulb temperature is
27°C,; the value of Ty ix 15370,

c. FEntering the Figure 53 at Ta. -15, the
probable minimum wind speed is 38 knots, the
mean speed is 45 knots and the probable
maximum is 32 knots. _

d. Again the gust direction is the same as
the mesn wind in the 10,000 to 14,000 foot layer,

It is important to remember that the Table 3
method will indicate the maximum gust to be
expected in a thunderstorm. In both examples the
thunderstorm must pass over the forecast point
and moderate to heavy rain must occur to attain
the gust speeds forecast. If these unique
conditions are not fully met, the method will
appear to overforecast gust speeds.
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Chapter 11

CENTRALIZED AND LOCAL ADVISORIES AND
WARNINGS

SECTION A—GENERAL

The AFGWC has the unigue mission and
capability as the primary centralized severe
wenther warning facility within the Department
of Defense (DOD). As such, the AFGWC provides
centralized severe wenther advisories and point
warning scrvice to designated military
organizations and installations of the DOD and
provides other meteorological services related to
severe wenther as directed by the Commander,
AFGWC,

The AFGWC prepares and issues general
arca advieories and specific point warnings of
potential or expected severe weather covering the
# different phenomena shown in Table 4; and
conducts studies and research to develop and
apply improved severe weather forecast methods,
with primary emphasis on computerized products.

Technical linison is alsn maintained with the
National Severe Storms Forecast Center (NSSFC)
of the National Weather Service, Department of
Commerce, Kansas City, Missouri. This is
accomplished by direct hot-line contact with the
NSSFC.

A color code has been adopted to identify the
intensities of severe weather. This code reduces
communication time and alerts the field
forecasters to the most intense severe-weather
areas. The colors and the corresponding
intengities are often used for shading maps to
display the warnings.

Advisories and point warnings of AFGWC
are for the use of authorized military activities
and personnel, and are not issued to other
governmental agencies or civilian organizations.

SECTION B—AFGWC ADVISORIES AND
WARNINGS

The ultimate objective of the AFGWC 1= to
indicate, within the smallest possible asrea of
space and time, the prohable intensity of unigue
severs weather occurrences which threaten the
life, property, and operational capahility of
military installations. To accomplish this, two
basic forecast products are provided: general area
advisories and specific point warnings.

The area advisories provide basic guidance of
expected broad scale severe weather
developments to the forecaster in the field, The
point warning specifically alerts the forecaster or
installation authority at a location which is
expected to be affected by severe weather.

The arca advisories are disseminaled over
COMET 11 weather teletype circuits and the
facsimile net opernted by the Air Force
Communications Service, Point wurnings are
disseminated over the COMET Il weather
teletype circuits and also by phone when
conditions dictate. In addition, AFGWC provides
severe weather input to other functions such as
the low-level support function, terminal forecast
function, and special mission supporl,

WA The Military Waeather Vel Advisory

A is prepared every six hours and
amended as necessary, It describes, in
combination map and lext format, the areas
throughout the conterminous United States where
phenomena which meet warning criteria are
expected to occur during the subsequent 12-
hour period. It is an estimate of the weather
producing potentinl of the existing aynoptic
pattern and air masses, based on the assumption
that subsequent changes in these fealures occur as
forecast.

Although the forecaster must analyze and
integrate large amounts of complex data Lo
prepare the advisory, limited time is allowed for
its completion and transmission. Thus, the data
which it incorporates and the information which
it conveys is made available to the uszer at the
earliest feasible time. As a result, the forecast
areas may be considerably larger and the valid
period constantly longer than desirable for
operational use. Nevertheless, this method of
preparation and presentation effectively applies
the concept of centralized forecasting. Since the
relocation of the MWW [rom Kansas City to
the AFGWC, the preparation, dissemination, amdl
overall accuracy of the
improved by heavy utilization of the analytic and
prognostic information provided by the AFGWC
data base.

The advisery makes available to the field
forecaster, in directly useful form, the specialized
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attention, experience, and techniques which are
available in the AFGWC. 1t alerts him to the
probability of severe weather in his own area of
concern. It serves him as an aid in briefing flight
and control personnel on the broad-scale patterns
of severe weather activity. It gives the field
forecaster more time to solve his specific forecast
problems and to apply the answers Lo the
operation he supports. Since the advisory is an
integral parl of the AFGWC data base, it also
provides input to other functions within the
AFGWC in the preparation of forecast products.

Specific point warnings are the second and
equally important product of the AFGWC. While
area advisories provide general puidance to ull
military forecasters in terms of synoptic and
mesoscale developments, point warnings are
issued for and Lo specific locations in the smollest
scale of space and time consistent with the avail-
ability of data and state of the art

The approximate 500 locations for which the
AFGWC has warning responsibility are listed in
Volume 1T, AWSM 105-2. Since some of these
locations include two, three, or four installations
in one locality, the total number of installations
gerved is well over 500, Approximately 50% of
these are Air Force, 45% Army, and 5% Navy.
Included are National Guard units, arsenals,
ammunition plants, radar gites, and those eivilian
activities under contract to the Department of
Defense.

Although the area advisory is issued at
scheduled intervals for fixed valid periods, point
warnings are igsued as the situation warrants and
amended, extended, or cancelled as NEeCEssaTy,
Obviously, it is desirahle to issue & warning
sufficiently far in advance for the user to plan and
take adequate protective measures with minimum
interference to his operation. For the sake of
forecast accuracy, however, the optimum lead
time is that just long enough Lo permit necessary
protective aclion. Developing an optimum lead
time for each phenomena is a constant chiective
of the APGWC; current effcrls are concentrated
on developing a lead time of 3 hours.

SECTION C—DATA AVAILABLE TO
AFGWC

Although the area adwvisery and peint
warning differ in content, format, dissemination,
and use, they are closely related products of a
juint team effort supported by the fow of
observed data and forecasl information from the
AFGWC data baze, I1 addition, the AFGWC has
access to analyses and prognoses received by
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facsimile from the National Meteorological
Center of the National Weather Service (MNW3).

Also received are pilol reporls from all
military and civilian sources. Hourly synoptic
charts of all weather radar data are plotted by
the AFGWC phservers from dats received over
the NWS RAWARC Circuits. This is an inter-
affice teletype network which ties together all
principal NWS offices,

Hourly surface observations are received
from all civilian and military reporting stations,
Ohservations are computer scanned and those
pertaining to specific parameters of interest to the
severe wenther forecaster are routed to special
teletype circuits. Flash reports of severe activity
are also available as (ransmitled over the NWS
BRAWARC Circuits.

SECTION D—SYNOPTIC PATTERNS
AND LOCAL EFFECTS

Forecasters must consider all aspects of the
hroadscale synoptic pattern in order to evaluate
the influence of a severe-weather advisory or
point warning on their local area of responsibility.
In particular, they should consider the following
general meteorological conditions.

a. Position and mavement of fronts, troughs,
and other discontinuities.

b, Source, trajectory, and modification of
air masses.

t. Wind flow at all levels

Also, loeal influences play an important role
in accelerating or modifying the development of
severe weather., These influences include:

a. Terrain and other geographical
peculiarities of the area

b. Intensity of wind and weather critical for
the installation and lead time required for
adequate precautions.

¢. Antecedent weather conditions and ten-
dencies.

SECTION E—RADAR OBSERVATIONS

Local radar observations have many uses,
including:

4. Comparison with observations from sur-
rounding stations.

I. Discovery of approaching squall lines.

c. Detection of the area of maximum echo
intensity. If the ares is upwind of the mid-lavel
wind Mow, the station probably lies in the pathof
the most severe storms.

d. Recognition of severe-weather echoes.
Photographs in recent wvears have identified
certain echo configurations as being productive of
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tornadoes and damaging winds, the most
prominent of these being the “hook” echo. Such
echoes should be viewed with suspicion. However,
in most cases the hook is not in evidence, perhaps
hecause it may be masked by precipitation

g. Detection of perturhations on squall lines.
Lines of echoes or squall lines are rarely smooth.
Mesoanalysie of the direction of motion and the
speed of movement of segments may indicate
points where wave development is taking place.
Such perturbations are favored locations for
spvere sLorms.

f. Monitoring the movement and
charncteristics of individual cells.

{1} Cells that move more rapidly than
others are likely to produce the maximum
downrush wvelocities. When two cells merge,
intensification results and severe weather
phenomena often result, Eyewitness accounts of
numercus tornadoes indicate formation when two
cells or thunderstorms merge. Usually one comes
from the west and one from the southwest.

{2y Many observations of severe slorms
on radar have shown dark spots within echoes,
Altering the antenna angle shows the dark spot to
pxtend Lo great heights and tilt somewhat forward
in agreement with the speed of upper-level winds.
These dark spots sometimes termed “vaults”
{6 J | 7 7 appear to occur often with the most
severe storme and tornadoes. Some recent radar
photographs indicate these dark spots, or holes,
are connected with the lower “hook" portions of
the echo,

{(3) Careful interpretation of radar
echoss, coupled with mesoanalysis of surface
observations, permits identification of intersecting
lines of activity. These intersections locate and
follow meselows which serve as triggering
mechanisms for tornadic activily.

SECTION F—TERMINAL OBSERVATIONS

Luocal terminal observations provide useful
information, including.
g. Ceiling and cloud cover.

{1} In some instances, lower clouds will
decreaze with the appreach of a severe storm,
even an hour or more in advance

(2) Any advance of middle clpuds
should be studied for evidences of mammatus.
The paths of severe storms are generally south of
the lowest axis of mammatus formation. If the
mammatus is below 14,000 feet, the barometer
trace may be erratic indicating turbulent
conditions aloft. This sign may be indicative of
rapidly developing severe weather,

b. Pressure:

{1} Increasing instability of the air
structure is generally reflected in erratic behavior
of the barometer,
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(2) Without contradicting the concepl
of falling pressure with the approach of the storm,
it is sometimes noted that, with the approach of a
fast-moving squall line or bubble, the fall will
decelerate or even a slight rise sel in prior to a
more rapid fall

{3) [If the barometer is falling very
rapidly, there usually is intense vertical motion in
the local area.

. Temperature and dew point.

(1)  An increase in temperature and dew
point greater than the normal diurnal chunge
shows that heal and moislure wre being added to
the lower levels of the local air column. If
comparison with surrounding stations indicates
that the maximum positive change is in the local
vicinity, the station is, or will be, in the area of
maximum severe activity,

(2) Ifa fulling barometer accelerates its
fall simultaneously with an increase in
temperature and dew point, the probability of a
storm oceurrence 15 substantially increased.

d. Wind.

(1} The surfuce winds usually decrease
in speed and back with the approach of a severe
storm; however, this tendency is generally too late
to be of much heip,

{(Z) TIf the surface wind increases in
speed and shifts from southerly to westerly, the
disturbance is probably developing north of the
station.

(3) If the surface wind increases in
speed and shifts from easterly to southerly, the
storm 15 probably approaching,

(4) If the wind above 8000 feat MSI.
increases  rapidly in comparison to previous
observations and the speeds excéed the
geostrophic, the installation is probhably near the
area of destructive winds.

{3) If the wind above B 000 feet MSL
shows a sharp decrease in speed, the probability
of tornadoes is increased, for the station is in the
vicinity of a sharp horizontal wind shear andfor
strong wertical currents are developing,

e. Remarks of neighboring stations should
be monitored constantly for indications of thes
formation and movement of instability
prhenomena. Each station should include
pertinent remarks in its own transmissiom for the
benefit of itz neighbaors,

SECTION G—SUMMARY

If the general air structure is favorable for
tornado and other severe-storm development, the
correlation of the synoptic situation and radar
observations with a mescanalysis of the local area
and fluctuations of station instruments will
provide guidance on the activity to be expected at
least an hour in advance. While il in often

11—i



Technical Report Z00(Rev)

difficult, the problems involved in forecasting persistent and conscientious forecastar.
local storms are not insurmountable for the

Table 4 - Definition of Severe Weather Intensities by Color

Color Severe Weather
= —

Hed Tornadoes or tornado walerspouts.

Blue Severe Thunderstorms (those with maximum wind gusts of 50 knots or greater
or hail greater than one inch in diameter or locally damaging windstorms),

Green Moderate Thunderstorms (those with maximum wind gusts greater than 34
knots but less than 50 knots and hail, if any, one-half inch or greater but
equal to or less than one inch in diameter).

Orange Thunderstorms (those with maximum wind gusts less than 35 knots and hail,
if any, less than one-half inch in diameter).

Black Strong surface winds (35 knots or more and not associated with
thunderstorms),

Purple Heavy Rain (two inches or more in a 12-hour period).

Hatched Purple | Heavy Snow (two inches or more in a 12-hour period).

Brown Freezing Precipitation (other than very light).

11—4
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Appendix A
GLOSSARY OF SELECTED TERMS

Adiabalic Chart. Any thermodynamic disgram
plotting temperature against either log p or p”. 244
and containing dry adiabats, either saturation or
peeudo-adiabats, and saturation mixing-ratio
curyes.

Autoconvection, If the lapse exceeds 3.4°C/100 m,
density increases with height and the layers will
over-turn spontaneously. This situation arises in
shallow layers due to surface heating and also
develops aloft due to evaporative cooling of virga
and hydrometeors into dry air. Such overturning,
without other trigger action, is called
"autoconvection."'

Bubble; Bubble High. 1\ frequently happens that
precipitation and vertical currents associated
with thunderstorms induce small anticyclones
(i.e., shallow domes of cooled air) causing slightly
higher pressure, complete with clockwise
vireulation, of the order of 50 to 300 miles across,
These transitory small highs have the effect of a
different air mass and unstable air overrunning
them may form squall lines on their leading edge.
Such cells are called "hubbles"

Chinuok. In the western United States, a foehn
wind is commonly called “Chinock,'* after an
Indian tribe of the northwest,

Convective Condensation Level, abbreviated
“OCL.'" If surface air is heated from below until
adiabatic ascent brings it to saturation, the laval
at which this occurs is called the “Convective
Condensation Level.”” This may be found on an
adiabatic chart by starting at the mean mixing
ratio of the surface moist layer (or lowest 150 mb,
whichever i3 most representative) and ascending
this constant mixing ratio line te its intersection
with the sounding. This point is at the Convective
andensaliun Lave],

X

Convection Temperature. The surface
temperature that must be reached to initiate
convective currents that will extend high enough
to reach saturation. The convection temperature
is found on an adiabatic chart by ascending from
the mean dew point to the moist layer along the
mixing ratic curve to the sounding, then
descending along the dry adiabat to the surface
pressure,

Convergence, IWhen streamlines approach each
other, the region is said to exhibit “confluence.’

A—1

When wind speeds diminish downstream, "Speed
convergence'’ is indicated. Both are usually
indicative of mass convergence.

Cross Totals Index. The 500-mb dry-bulb
temperature subtracted from the 850-mb dew
point,

Destructive local storm, abbreviated " DLS. " DLS
comprise tornadoes, hail, and thunderstorm gusts
aver 50 knots at the asurface.

Dew-Point Index. The difference between the 500.
mb temperature and the mean dew point of the
moist laver raised along a pseudoadiabat to 500
mb, This index varies less with diurnal surface
heating than the Stability Index.

Diffluence. The rate at which adjneent flow is
diverging along an axis orientad normal Lo the
flow.

Divergence. Regions wherein streamlines diverge
are said to exhibit "diffluence,'’ Wherever wind
speeds incrense downstream, “speed divergence''
ig indicated. Both are usually indicative of mass
divergence.

Downrush. The strong downward-flowing  air
currents associated with thunderstorms,

Downrush Temperature, The temperature found
by lowering the Wet-Bulb-Zere down a
pseudoadiabat Lo the surface pressure. This
closely approximates the temperalure of
downrush currents in thunderstorms when they
reach the surface.

Dry. Air is considered wvery dry il its relalive
humidity does not exceed 50 percent, Air is
considered moist if its relative humidity is not less
than 65 percent. Intermediate values of relative
humidity are moderately moist.

Dry Instabiiity Index. The difference between the
surface lemparature raised along & pseudoadiabat
to 600 mb and the sounding at 600 mb. If an
inversion exists below 600 mb such that the
temperature raised from its top would give a
larger index, then this latter value 18 used.

Eguaiorind Air. An air mass that invades the Gulf
Coast region from time to time. It has very high
temperature and high moisture content. It is
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nsually conditionally and convectively unstable,
without a significant inversion or dry layer.

Foehn, A warm, dry wind that descends the
leeward side of mountain ranges. Tts
characteristics are the result of forced ascent,
during which it absorbs the heat of condensation
of ils moisture, then descent, during which it
warme at the dry adiabatic rate ("Chinook'' of
the northwest United States).

Front. A surface, line, or zone where one or imore
melenrological elements vary rather abruptly; a
“discontinuity."" The primary AFGWC criterion
for the identification of a front is it usefulness in
forecasting rather than any set of objective
criteria,

Gust. A sudden briefl increase in wind speed.
Particularly, the gusts associated with the violent
downrush that comes out of the base of a
thunderstorm and spreads out horizontally at the
aurface,

Hadl,  Precipitution in the form of iee. In
forecagting, it ie assumed that hailstones are
spherical and the size is given as the dinmeter in
inches.

Height, As used by Lthe AFGWC, heights are those
measured on an adiabatic chart, either simply by
noting Lhe pressure, or by applying the "ICAO
Standard Atmosphere Altitude” scale from the
surface pressure upward, For example, the Level
of Free Convection may be noted at 650 mb, the
depth of the moist layer 3,000 feet, and the wet-
bulb freezing level at 8,200 feet. The last two
would be determined from the surface pressure
without correction for lemperslure,

Humidity,. Three measures of humidity are
commonly used, according to the purpose:

1. Relative humidity is used in determining
whether air is gaturated or unsaturated, and the
amount of moisture relative to saturation. Air is
considered “maoist’" if ils relative humidity is 65
percent or more, “dry"” if i3 humidity iz 65
percent or less, and “very dry"” if its relative
humidity is 50 percent or less.

2, Mixing ratio is used as 2 measure of the
absolute amount of water vapor available

3. Dew point in severe-weather forecasting
is used at the surface only, purely as a matter of
convenience, due to its being the only measure of
humidity that is reported. Tt must be compared
with the temperature to determine the moistness
or dryness of the air and must be compared with
the pressure to determine the amount of water
vapor available.

fastability, The term “potential’’ is uszed in
AW to describe all forms of instability that
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reguire an activating mechanism for realization.
Thus, “potential instability’ includes latent
instability, convective instability, conditional
instability, -and even stable situations that are
forecast to become unstable due to anlicipated
changes. Ususally when “instability'' is mentioned,
“potential’’ is understood, as indicated by one of
the wvarious indexes (Showaller, Lifted, Tolals,
ete.). It is believed that absolute instability occurs
in the natural atmosphere though it may be
temporary, and the superadiabatic lapse rates
reported in radiosonde observations are often
significant.  Mechanical instability, leading to
auteconvection, exists when the lapse rate exceeds
about 10°C/1,000 feet. [t is believed this situation
arises not only in a shallow surface layer on hot
days, bul also in the upper air when precipitation
falls into and rapidly evaporates within a dry
layer.

lsotach Line of equal wind speed,

Lifted Index. Measure of potential instability
computed by lifting the mean moisture in the
lower 3,000 feet of the atmosphere moist
adiabatically to 500 mb and subtracting the
temperature at this point from the reported 500-
mb free-nir temperature.

Lewed af Free Convection is the level at which a
parcel of air lifted dry-adiabatically until
suturated; and saturation-adiabatically
thereafter; would first become warmer than its
surroundings, in ‘a conditionally unstable
almosphere, Found al the pressure leval whers the
mean wet-bulb temperature of the maoist layer,
raised along a pscudeadiabat, first intersects the
sounding.

Mean: Average. Usually taken as the arithmetic
mean, i.¢., the guotient of the sum of & set of
values divided by the number of values in the sst,
In severe-weather forecasting, the mean is usually
estimated by eve (e.g., the mean dew point of the
muoist layer iz normally the dew point ia the
middle of the moist laver, assuming a linear dew-
point laps rate).

Mesoscale. That scale of atmospheric motiongrsf
characteristic dimensions oo small o remain
readily identifiable on the macrescale synoptic
maps. Results of mescanalysis reveal systems
which have definite order, pattern, and
chronological continuity such as mesohighs and
mesolows.

Saturation Adiabat. Commonly used for
pseudoadiabat, or whatever curve sppedring on
an adiabatic chart to indicate the lapse rate with
upward motion of saturated air (used synono-
mously with "moist adiabat'").
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Sepere Weather Threat (SWEAT) Index. An
empirically-derived index used to specify and
predict arcas of potentially =evere convective
weather.

Shear. The difference in wind velocity between
two contiguous air currents generally measured to
the righl of the jet or maximum wind axis.

Showalter Stahility Tndex. The difference
between the 500-mb temperature and the wet-
bulb temperature of the 850-mb level raised along
a peeudoadiabat to 500 mb.

Significant Maoisture. A G-degree or less
temperature dew-point spread al any level, or a
dew point of -17°C or warmer at 500 mb, or 0°C or
warimer at 7(M-mh

Smoathing, The p ocess of eliminating
insignificant or wnimportant irregularities in
isolines of a parameter analyzed on o map or
diagram (usually done by eye in ardinary wenther
analyses). In severe-weather forecasting,
irregularities are of the greatest importance,
smoothing i minimied,

Srorm, Short for thunderstorm; or area of thun
derstorms und associated severe phenomena, hail,
strong gusts, and tornadoes. These are local in
pature in contrast to extensive frontal systems
and huorricanes,

Streamline. A curve whose direction al every
point coincides with the instantaneous direction
of the wind. Not to be confused with paths or
trajectories. Streamlines show I'Lhi:_ synoptic
pattern of the wind direction, which is usually
gimilar to, but not identical with the pressure
pattern.

Structure of the Atmosphere. Vertical distribution
of the magnitudes of temperature, humidity, and
stabilivy of a representative air column or parts
thereof.

Surge. A relatively sudden and vigorous
movement, of an air mass, or an air-mass
property, in some particular direction. Also used
for pressure increases not explained by the more
usual meteorological patterns.
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Thunderstorm., A cumulonimbus cloud that
produces thunder andior lightning, sometimes
hail, gusts, and tornadoes; set off by convergence,
frontal activity, ovographic lift, or surface
ronvertion.

Tornado. Any destructive wind gusi or whirl
associated with a pendant funnel or tubular cloud
of very limited horizontal extent (when over
water, a waterspout).

Total Totals Index, The sum of the Vertical and
Cross Total Indexes,

Uprush. The updraft in o thunderstorm. Tha
speed of the ascending current in a thunderstorm
has never been measured directly, but may be
estimated from the size of hail produced und from
study of a sounding representative of the air
producing the thunderstorm.

Vertiead  Totwls  Tndex, The G00-mb  dry-bulb
temperature subtracted from the 850-mb dry-bull
lemperature,

Watersponut, A tornado over woter.

Wet-Bulh Temperature, No distinction is made
between the wet-bulb temperature, which is the
lowest lemperature W which a sumple of air may
be cooled by isobaric evaparation of water into it,
and the pscudo-wet-bulb temperature, which is
that of s parcel raived dry adiabatieally to
saturation, then returned pseudoadiabatically to
its original pressure. The wet-bulb temperature
curse, actually the pseudo-wet-hulb temperatore
curve, is used to a great extent in severe-weather
forecasting.

Wet Bulb Zero. The height in the environment
sounding of the wet-bulb at the intersection of the
A2°F (0°C) izotherm on the adiabatic chare, It is
assumed that this 15 an indication of the height of
the freezing level, in a4 storm column, that might
develap in the air mass.

Wind The horizonlal component of air motion
over the surface of the earth.
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Appendix B

THE SEVERE-WEATHER SITUATIONS
3 AND 4 DECEMBER 1964

SECTION A—GENERAL

The Vertical and Cross Totals were analyzed
for 2-degree intervals on Figure 54. The barbed
inolines represent Cross Totals (CT) beginning
with a value of 18, and were drawn with regard
for the moisture influx and low-level wind flow
Thus, the area of maximum CT over northwest
Louisiana extended to the ENE in the strong low-
level wind flow (shown by solid black arrows)
curving from the western Gull toward Nashville,
Although the 18-CT line enclosed a rather large
area, the significant 500-mb moisture (depicted by
cross-hatching) was limited over much of the map,
and little probability existed that middle-level
modsture would be advected inte Georgia,
Alabama, and South Carolina during the
following 18 hours. It was more likely that any
thunderstorm cccurring over these sections during
the forecast perisd would consist of the remnants
of activity forming over the very unstable areas in
Arkansas and Louisiana. Since this was an early
evening chart, additional surface heating could
not be expected to influence thunderstorm
development, and the cccurrence of activity would
he associated with other significant features at
the surface and aloft.

SECTION B—FAVYORABLE FACTORS

In the unstable aree of the Cross Totals
analysis extending from Fort Worth to Nashville
and southward inte southeast Lowisiana there
were several significant factors favorable for
severe weather.

a. The air mass was very unstable,

b. The air mass was likely to be lifted over
a warm-frontal boundary extending from south of
Oklahoma City to between Shreveport and Little
Rock, on toward the northeast of Jackson,
Mississippi.

c. Speed and directional convergence were
evident in the low-level wind field — for example,
between Little Rock and Nashville and between
Shreveport and Little lock Also, there was a
etrong low-level jet (shown by solid black arrow)
over Shreveport.

d. A weak wave at 500 mb was located
along a Midland, Texas-Oklahoma City axis. This
wave caused a significant-mnisture tongoe at 500
mb, which indicated that considerable vertical
motion and positive vorticity advection was
moving toward the area of greatest instability.

B—I

a. Dryer and much warmer low-laval air
was evident by the 850-mb dry-line symbols to the
southwest of the threat area. This dry-line
orientation resulted in a strong moisture and
temperature gradient nearly perpendicular to the
low-level flow from Houston toward Shreveport.
This moisture and temperature contrast is one of

the basic ingredients of a severe-weather
outhreak.
f. A well-defined mid-level jet was apparent

from Midland through southern Arkansas and
into eastern Tenncssee. Jets of this type are
conducive to severe-weather development and
indicate a preferred zone for significant vertical
moLion,

SECTION C-STABILITY INFLUENCES

The static CT's and VT's indicated
considerable thunderstorm activity throughout
the area bounded by the 20-C1 isopleth, However,
for the farecast to be worthwhile, the area had to
be reduced. An examination of the VT's (the
small erossed circles) showed that they were muosl
signficant in the dry air over routh central Texas
on an axis through Shreveport to Nashville. This
axis lay along the mid-level shear, and a Total
Totals area of 50 to 52 was present over northeast
Texas, northwest Louisiana and southern
Arkansas.

SECTION D—SEVERE-
WEATHER FORECAST

It was unlikely that the Vertical Totals
would incresse south of northern Louisiana or
north of southern Tennesses since the time of day
prevented any addition of heat to the lower level,
and cold-air advection alofl appeared to be
improbable south of a line from Shraveporl lo
Chatianooga. Therefore, the resulting forecast
called for a heavy thunderstorm area along an
axis from near Memphis to just east of Nashville,
and a severe area from northeast U'exas toward
Memphis.

Since the major crieria for tornadic activity
had been or would be reached within the next few
hours in the area around Shreveport, tornadoes
were forecast for a point near Tyler, Texas to
near Eldorado, Arkansas. Alsa, light
thunderstorms  appeared  most probable over
the remainder of Louisiana and eastward
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ing Cress Totaly, lew-lavel wind How, significant 500-mb
maisture, and achivity during the peried 030000 18 DITI00Z.
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into Mississippi during the forecast period. These
gcattered thunderstorms were not likely to
develop in & haphazard fashion over the area
gince the middle and upper levels were quite dry.
Development was expected Lo spread ahead of the
outbreak from the northwest and west. Condilions
over much of the Florida pemisula were quite
favorable for convective thunderstorms, but no
additional low-level heating would he available.
Thus, it was unlikely that isolated activity would
occur, but if it should, it would be confined to the
constal waters of southern and southeastern
Flurida.

SECTION E—ANALYSIS OF SITUATION
ON 3 DECEMBER 1964

Heavy thunderstorms developed rapidly near
02002 within a 50-mile radius of Shreveport and
two tornadoes were sighted. One tornado was
sighted 30 miles northeast of Shreveport at 03007
and another 25 miles north of Shreveport at
03307, Thunderstorms spread cast and northeast
{ns shown m Figure 55) with hail reported in
southern Arkansas and heavy thunderstorm
activity in  eentral Tennessee. Activity over
I'lorida was confined to a few lightning reports
during the night at Kéy West. The severe
thunderstorms formed wand moved in clusters
without an organized squall line developing —
typical of a Type A synoptic pattern. The
importance of the intersecting low-level jet and
the middle-level shear zone was illustrated in this
situalion since the most intense outbreak occurred
at this intersection. A study of the area within o
50-mile radius of Shreveport a few hours prior to
severe development, revealed that the synoptic
features required (or violent thunderstorms were
concentrated in that area. That is:

g. The air mass was critically unstable with
a Crosg Total of 26, Vertical Total of 26, Total
Total of 52, and Lifted Index of -6

b. Low-level moisture was concentrated ina
rather finite area.

¢. 'The area was traversed by a sirong low-
level jet.

d. The area was directly south of a marked
middle-level jet.

e. The low-level jot intersected this middle.
level wind band within i threat area

f ‘There was 3 steep moisiure and tem-
peralure gradient to the southwest of the threat
area and a low-level wind was blowing across this
gradient.

g. The degree of instability was increasing
since low-level warm wair was running
northeastward under progressively colder air at
500 mb.

h. There was evidence of significant positive
vorticity advection into the threat area as seen by
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the 500-mb moisture over Oklahoma and
Morthern Texas.

It is often the case with Type A synoptic
patterns that a low-level dry influx from the
southwest aids triggering. In this situation the
thunderstorm outhreak continued eastward
during the night, but abated in intensity as a
result of mixing, which diffused the sharp
boundary betwesn the moist and dry air,

SECTION F—DIFFERENCES IN THFE
PATTERNS

At 031200Z it was evident that another
severe-weather situation was possible (Figures 56
and 57). The primary difference between the
patterns on esch of the two days was thal on the
second day the approach of a much stronger 500-
mb short-wave trough through western Oklahoma
and west central Texas was evident and was
associated with a  pronogunced north-south
maritime polar front. This upper-air feature was
to be the lust short wave in the series, and
indications were that the whole syslem would
push south and cast out of the country in the next
24 1o 36 hours. The general stability pattern was
quite similar to the previous day with con.
siderable potential inswbility evident as far
west as the Fort Worth-Dallas area where Tolal
Totals of 52 to 56 were present. With the
maritime polar outhreak approaching a line from
Fort Worth to San Antonio to Laredo, eareful and
immedinte attention should have been given on
the second day to the area around Fort Worth
and Dallas. This ares under these conditions was
a goud example of the Type B tornado situation
with dryer and warmer air to the southwest of the
threat area, and strong low-level flow across this
boundary. (The first day was a Type A pattern,)
Also, there was an intersecting frontal system
moving from the west Since the developing low-
level jet lay to the east of the Fort Worlth-Dallas
area, and the mid-level jet had become less well-
defined, the possibility of tornadoes was remote
but serious consideration was given Lo the
possibility of wind and/or hail.

Wind did not appear to be a serivus prohlem
for the second day since the thunderstorms that
developed shortly afler 12007 were all located
over the cold surface layer north of the surface
warm front position. Thus, Lhe downrush
differential would nol be especially effective.
Also, there was not much chance of developing a
localized mesoanticyelone or bubble since the.
layer near the surface was already cooler than
could be realized from the downrush air. Nor
mally this area would be preferred for hail
occurrences but i this instance two conditions
were working against it:
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a. Time of day; and

b. The wetness of the air column.
Extrapolation of the dry air in the middle and
lower levels indicated that the important second
condition would not be changed before activity
moved further eastward. Since the outleck had
forecast scattered thunderstorms for south central
and southeast Oklahoma, and north central
Texas during the morning, no amendment was
issued. By 1500Z scattered thunderstorms
accompanied by heavy rain formed a well-defined
squall line extending from jusl south of Tulsa,
Oklahoma through Sherman, Texas to 30 miles
southwest of Dallas. This lire was just ahead of
the maritime polar front and north of the dry 850-
mb boundary, No winds or hail were reported
until the squall line reached the Fort Smith-
Texarkana-Lufkin line later that alternoon,

The forecast for the 1800Z outlook was
simplified since an active squall line wos already
in existence. The area of primary concern again
appeared to  be in southern Arkansas and
northern Louisiana, since most parameters
previously mentioned as necessary for severe
activity were forecasl Lo converge in  that
particular zone, The low-level jet appesred Lo he
developing along the San Antonio-Shreveport-
Nashville line with the only change likely to be a
shift castward of the maritime polar front. The
front and squall-line forecast movement indicated
that the low-lavel jet should back slightly and
move into a position over Lake Charles, through
Maonroe, Louisiana and northward toward
Memphis by evening. The deyer warmer air to the
southwest of the area was expected to persist until
pinched off by the maritime polar front, which
would permit a cross-gradient flow to continue
into Louisiana and southern Arkansas. Stability
was forecast Lo decrease over these areas since
significantly warmer low-level nir would be
advected inte the area while the 30f-mhb
temperature field would remain essentially
unchanged. The middle-level jet, while not well-
defined, seemed to be trving to orpganize itself
along the Midland-Forlt Worth-Nashville line.
The short wave at 500 mhb continued ENE
preating a strong vertical-motion field over the
threat area during the late afternoon and
evening. With these considerations, it seemed
reasonable to forecast severe thunderstorms and a
tew tornadees along an axis from Lufkin, Texas
to near Greenville, Miss, This axis fits the region
of climatological tornado maximum for December
for this area.

A second area of high climatic freguencies for
December tornadoes is near Houston, This is of
particular interest since the Houston area on this
date is very close to the boundary of the warm dry
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air and the moist air to the east. Extrapolation of
the syuall line placed the hot-dry boundary by
lata afternoon in the vicinity of Houston, where a
Total Totals of at least 52 was expectad. Also, if
the middle-level jet formed along the predicted
axig, it was probable that the 500-mb shear zone
would lie further south along the Houston-Laka
Charles line. Thus, the southwest portion of the
tornado area included Houston and curved
castward toward Alexandria, Louisiana. The
warm dry air in the lower levels over southeast
Louisiana did not appear significant at this time,
but required consideration since the low-level jet
was expacted to shifl eastward and since more
moist and cooler low-level and middle-leval air
was present pnorth of the area,

SECTION G—ANALYSIS OF SITUATION
OF 4 DECEMRER 1964

The Total Totals just north of the surface
warm [ront were observed Lo be near 47 in Lhe
morning. The 18-Cross Total line coverad a larga
torritory, but the absence of 26 or even 24 Vertical
Totals over much of this area appreciably
reduced the thundérstorm probabilities. Thus,
much of the area can be eliminated from
congideration except for western and southern
Alabama, southern Georgia, the Carolinas, and
Virginia. It was unlikely that any major change in
stability would occur over these areas during the
12-hour outlook period. Also, it was unlikely that
thunderstorms from the west would spread into
these sections helore OBONZ,

Along the Gulf Const through southern
Georgia and northern Florida (Figure 54), the
Vertical Totals were favorable for convective
activity but 700-mb and 300-mb moisture waos
lacking. It was discussed in Chapter 8 that whan
this region had dry air aloft, activity was not
necessarily prohibited, but that development was
restricted to widely seatterad cells. Further south,
over southern Florida, upper-level moisture was
availabile, hence sedllersd thunderstorms wers
forecast. [solated thundersiorms were not forecast
along the Gulf Coast and over northern Florida,
but should have been in view of the Total Totals
of 46 to 30 over much of this area. Thunderstorms
did occur as shown on Figure 54. Further west
heavy Lthunderstorms were f(orecast through
southern Arkansas into wesiern and northern
Mississippi, and through Louisians and east
Texaz — surrounding the tornada and severe
thunderstorm area previously mentioned.

The position of the squall line by 21007 was
from 100 miles north of Little Rock to Texarkana
to just east of Houston, Heavy activily was
reported along the line with strong gusty winds,
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heavy rain and hail southwest of Texarkana, west
of Shreveport, and in the vicinity of Lufkin, Texas.
& tornado was observed (near 1900Z) four miles
north of Ellington AFB, Houston, while the air
base reported thunder and wind gusts to 32 knots.
Tornadoes were reported between 2200 and
2300Z forty to seventy miles ESE of Shreveport,
and at 02002 in the vicinity of Alexandria. Also,
heavy thunderstorms were reported near Mem-
phis during the evening with the last reported at
Anniston, Alabama about 0800Z. By 0600Z the
thunderstorms had spread to near the Nashville,
Tennessee-Burwood, Louisiana line, and had
continued eastward nhead of the frontal system
during the night and next morning

An unforecast tornado was reported north-
west of Gulfport, Mississippi at 2100Z. This sturm
was associated with a group of isolated convective
cells, The occurrence of this storm is an important
clue since the post-analysis of the 0000Z datu
disclosed that the tornado most likely occurred in
conjunction with the primary low-level jet just
north of the hot/dry 850-mb warm front, in an
arca of increasing instahbility, and in the vicinity
of the middle-level wind shear to the south of the
jet,

An examination of the next chart, 040000Z,
confirmed the predicted changes in the 0312002
pattern. The marilime polar front extended from
just past Shreveport to east of Galveston. The hot
dry air had been modified and cut off by the
ndvancing fronlt which helped 1o explain the
cessation of tornadic activity after thet reported
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near Alexandria at 0401007, The low-lavel jet
had shifted eastward with the main branch
almost north-south throwugh Louisiana and
Mississippi and another branch from the
southwest over Lake Charles then toward Alex-
andria. The middle-level jet developed and was
well-defined from Midland through Texarkana to
Naghvilles The middle-level shear zone was from
south of San Antonio Lo Lake Charles Lo Jeckson,
Mississippi and on toward Montgomery,
Alabama. It should be noted that the Alexandria
report was in close proximily (o the intersection of
the southwesterly low-lavel jat with the shear
zone, and was in an area of well-defined low-leval
convergence. The isolated tornado northwest of
Gulfport occurred very close to the intersection of
the low-level jet and the edge of the middle-level
shear zone. Also, the activity around Memphis
and Jackson, Tennesses was naar the intersection
of the main low-level jet and 500-mb jet.

The d42Z-knot thunderstorm report after
midnight in the Anniston, Alabama area was near
the shear zone and il seamad likely that the low-
level jet had shifted eastward by this time to
cover the Anniston area. In fact, the low-level
winds lor 06007 showed that Montgomery's wind
had increased to 45 knots from the S5W at 400
feet. No further reports of significant weather
were received afar this report probably bacause
there was an increase of stability in the air mass
ahead of the system. Also, the cold air aloft
developed a more northerly track, and the low-
level and middle-level dry sources were overtaken
by the squall line or cut off by the cold front.
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Appendix C
THE SEVERE STORMS OF 11 FEBRUARY 1965

SECTION A—GENERAL

On 11 February 1965 a major outbreak of
severe thunderstorms, tornadoes and damaging
windstorms occurred over a 14-hour period along
a line extending from just WSW of College
Station, Texas into north central Alabama. This
situation is an excellent example of the use of the
Totals indexes ns well as other prediction
parameters available to the forecaster. The
tornado pattern was essentially Type B with an
active squall line moving shead of un slmost
north-south maritime polar front, and intersecting
a well-defined warm-frontal boundary along a
line from near Austin, Texas Lo Shreveport to
Memphis, and ENE into North Carolina. At
12007 the squall line was active from eastern
Oklahoma to west of Tyler, Texus and
southwestward to Cotulla, Texas, Thunderstorms
were occurring all along this line, with a few
reports of heavy rain and moderately gusty winds.
The squall line and its parent cold front were
moving eastward at about 22 knots with the
thunderstorm cells moving more than twice that
speed toward the NNE, Surface dew points were
dropping substantielly in the westerly flow to the
rear of the cold front. An examination of the
12007, composite chart showed that the squall line
was moving into an area increasingly favorable 1o
the production of severe thunderstorms and the
time of day was becoming more favorable for the
production of such activity.

SECTION B—FAVORABLE PARAMETERS

Many of the favorable parameters usually
associated with violent thunderstorms had
already or would shortly be ahead of the squall
line over portions of east Texas and the northern
half of Louisiana. The stability analysis showed
the Cross Totals te be a verv unstable 26 in &
corridor  extending along the San  Antonio-
Shreveport axis, with a probable maximum of 29
or 30 over the central portionz of sastern Texas
These CT's suggested that the development of
tornadic storms was likely especially when
coupled with the Vertical Totals of 28 to 30 for an
extremely unstable Total Total of 60. The Lifted
Index at San Antonio was -6 and Shreveport 0. 1t
was interesting that the Total Tetals pattern,
even at 1200Z, quite accurately predicied the
major path of activity even into northwestern
Alabhama. Since the position of the first significant

southerly low-level flow appeared to be along an
axis extending from McAllen, Texas through
College Station toward Tyler, it was reasonable
to expect squall-line intensification along this
axis, and further intensification in the vicinity of
the low-level jet located from  Brownaville
through Shreveport. The area of instability as
well as the low-level jet was expected to show
some eastward movement during the day,

At 600 mhbh the southern and eastarn
periphery of a strong band of middle-level winds
was evident from Dl Rio, Texas to San Antonio
to Tyler, Texas, and then northeastward through
northwestern  Arkansas creating an  effective
horizontal shear zone near the most unstable
area, Cold air wos available ot 500 mb with the
167°C  jsotherm  intruding into northwestern
Louisiana ond southwestern Arkoansos  from
central Texas. At 850 mb a strong contrast
batween the warm maoist air over Lhe threat:
arca and the hot and much dryer alr to the
southwesl was appurent, since emperatures of 17
to 21°C and dew points of -3 to +5°C wore
common to the southwest of the surfoee warm
front as compared with valoes of + 1h and + 1270
to the northeast of the front. Also, there was o
well-defined cross-gradient low-level flow across
this houndary,

SECTION C—THE SEVERE-WEATHER
FORECAST

The prediction was based on the expectation
that the air column over the threat area would
become more unstable along the axis of the low-
level flow, and that mesolow development would
likely take place where the squall line intersected
the warm frontal boundary in the area of strong
low-level wind Mow, Positive vorlicity advection
and vertical motion were evidenced not only by
the 530-mb moisture at Shreveport but also by the
thunderstorms already developing along  the
zsquall line

Considering the ahove, the forecast was for
severe thunderstorms, tornadoes, and locally
damaging winds 80 miles either side of a point
about 30 miles north of College Station, T'exas
along an axis into the Tupelo, Mississippl area.
This decision mesnt accepting a risk that the
surface warm front would edge northward out of
the area displacing the zone of activity muore to
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the northeast. However, lhunderstorms and
moderate to heavy rain would probably continue
along the north of the front keeping the lower
layers relatively cool and discouraging any
significant warm-frontal advance northward. The
long axis seemed justified in view of the regular
movement of the front and squall line, the general
pattern of instability, and the low-level wind and
moisture feld. Also, the time of day was
favorable, and the middle-level jet and its
horizontal shear gzone was expected to drift
eastward., While the Tolal Totals pattern
indicated that thunderstorms would continue
during the day and spread eastward with the
squall line, there was little ur ro activity through
the Gulf Coastal States. There were lwo good
reasons for this:

a,  Supporting 700-mb and 500-mb moisture
for convective activity was not in evidence to the
sounth of the warm [ront,

b, The Vertical Totals were well below the
critical value of 26, and the Cross Totals were
helow the threshold value of 18 over Florida and
the coastal sections of Georgin, Alabama, and
southeastern Loulsiana.

The situation was different over North
Carolina and southern Virginia. Vertical and
Cross Totals were high with Total Totals of 50,
The Moisture was apparent at 500 mb in both the
Huntington and Greenshoro soundings.
Thunderstorms which occurred in the low-level
convergence of the warm front before daylight in
gastern Tennessce and extreme weslern North
Carolina, were expected to redevelop and spread
castward, While the Tolals indexes indicated
“green’'-type thunderstorms, the coolness of the
air near the surface tended to inhibit gusts, and

Technical Repori Z00(Rev)

extrapolation placed the activity off the coast
before significant surface heating would oceur.
The intrusion of strong totals northward from
Oklahoma into northern Kansas was of
considerahle interest. This nose of unstable air
with a Total Total of al least 52 presented a
strong stability gradient over a relalively short
distance. The Omaha sounding showed Vertical
Total values of 20 and Cross Total values of 19
The strongest southcasterly low-level winds in
this region were perpendicular to the horizontal
stability-index gradient in north central Kansas
and southeastern Nebraska. Also, this region was
under the influence of a well-defined middle-leval
jet of 70 to 75 knots with the horizontal shear to
the right of the jet on the order of 20 to 26K/90
nim.

SECTION D—RESULTS AND
POST ANALYSIS

The combination of unstable overrunning
coupled with the favorable vertical-motion field
and deep moisture resulted in 16 to 22 inches of
snow on an axis extending from near Concordia,
Kansas to Omaha. Most snow accumulation
occurred between 1109004 and 1118007,

The severe activity shown on Figure 58
scourred  from 11120074  through 120600Z—a
period of 18 hours. The sgquall line continued
eastward and southeastward after the last severc
report from Tuscalovsa, Alabama, but weakened
rapidly as the squall line moved further away
from the parent cold front and into less unstable
air. By 1215002 the activity had diminished into
rain showers
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Appendix D

THE TYPE B SEVERE-WEATHER OUTBREAK
OF 26 NOVEMBER 1965

SECTION A—GENERAL

On 26 November 1966 & strong Type B
severa-weather outhreak occurred over Tllinos
and portions of south central Missouri and
northeastern Arkansas. The activity consisted of
tornadoes, locally damapging windstorms and
jsolated large hail which spread east and
northeast during the later afternoon and evening
from the Bradford, Ilinos—Harrison, Arkansas
line into southern Michigan, Indiana, and
portions of Arkansas, Kentucky, and Ohio. This
outbreak was unusually strong for the time of
yeanr and was considered worthy of a detailed
analysis,

‘T'he classification of this storm svstem as a
Type B pallern was determined by a close
examination of the 2612002 upper-air charts,
Warm and rather dry air was evident over
Kansas, Oklahome and Texas and was being
advected to the ENE on a 50- to Afi-knot jet in the
lower levels {(Figure 59), This dry tongue was
adjacent to a well-defined pocket of moist air
lying over Missouri, eastern Towa and [llinois, A
more southerly low-level jeu was evident in this
moist air, and extended from Shreveport to Little
Rock into western [llinois. A strong cold front was
located from scutheastern Colorade into east
central Mebraska and eastern South Dakota. Dry
air over Kansag, Oklahoma, and western Missouri
was colliding with cooler and more moist air to
the ENE, and was being carried by strong WSW
flow at 700 mb (Figure 60). There was a major
700-mb trough moving from the northwest toward
tha threat area. Strong cold-air advection at 500
mb (Figure 61) was in evidence hy an analysis of
the isotherms, height, and temperature falis
This analysis indicated that & strong short wave
was moving out of the western plains

All the above factors coupled with the
associated B50-mb and 700-mhb features suggested
a Type B outbreak, with a squall line forming
ahead of a moving major surface system and with
little likelihood of air-mass recovery, and the
repetition of activity usually associated with a

Type A pattern.
SECTION B—FAVORABLE PARAMETERS

The parameters associanted with the
development of severe thunderstorms and

tornadoes were present in both number and
strength on the 1200Z charts, In addition to the
strong convergence in the 860-mb [low belween
these dissimilar air masses and the approaching
cold front, the low-level temperature ridge was
lyving well te the west of the moisture ridge.
Checking this parameter against Table |
classified this particular feature as strong. The
low-level jet in both the dry and moist air also
wns classified as strong. While the low-level
moisture barely meets the moderate criterin at
the 850-mb level, some moisture incresds wis
likely during the day.

The sscondary #50-mb dry line extending
from southeastern Oklahoma through
northwestern Arkansas and central Kentucky
south of the Ohio river wad alye of considerahle
importance. Its location and future movement
determined a southern limiting houndary for
activity and a zone of intersection once a aquall
line developed. Also, intersection of this
particular feature with the 850-mb warm front
and the low-level jet was o lavored area for
mesolow development,

At 700 mb the dey-air intrusion was upwind
of the threat area and dry and maoist air were
positioned adjacent to each other from north
central Arkansas esslward through Kentucky
over the secondary B50-mb dry line, Since the
wind Mow paralleled this feature over these areas
little displacement north or svuth was expected.
The 700-mb no-change line associated with the
western trough was well-defined from eastern
South Dakota to Topeka, Kansas to central
Qklahoma. A second 700-mb no-change line from
southern Michigan to the east of Dayton, Ohio to
northwest of Nashville was associated with a
weakening line of nocturnal thunderstorms. Table
1 classified the western no-change line as strong
and the wind flow crossed the line st an angle of
greater than 45 degrees.

Anather important factor to bhe considered
was the strong band of 700-mb winds in the dryer
air over Kansas, Oklahoma, and Missouri. This
orientation placed the strongest intrusion of dry
air against the mid-level moist air west of the
Mississippi River in Missouri, and indicated that
the zone of steepest moisture gradient and most
rapid rate of advective moisture change during
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the day would probably lie along the Illinois
border southwest of the Springfield-Peoria aren.

The 500-mb thermal trough from
southwestern Minnesota through central Iowa
and central Missouri was favorably oriented to he
advected eastward. The cross-isotherm flow was
quite strong and indicated continued moist cold-
air advection into the warmer tongue to the east.
The jet band at this level was broad but well-
defined and showed diffluence from north central
Missouri into northern [llinois. There was
horizontal speed shear to the south of this jet zone
which extended from Amarillo to Oklahoma City
into southern Tllinois and southeast Indiana. The
12-hour temperature and height falls to the rear
of the leading thermal trough at 500 mb were
indicative of strong active vorticity acceleration.
Also, the presence of significant 500-mb moisture
at Topekn, Columbia, and Oklahoma City could
only be accounted for by vertical motion, since
meisture was not advectad into the aren, Table 1
placed the mid-level jet in the strong category ani
the 500-mb positive vorticity advection from the
1200Z MNMC barotropic prog was classified as
strong.

Considering the remaining parameters (rom
Table 1, the Totals Index (Figure 62} was
calculated 1o be 52 to 54 over south central lowa
an early as 1200Z with a lurger ares covered by
50's as analyzed. The Lifted Index was calculated
o be on the order of minus six. Thus, the
available instability met the sfrong criterie.

The 12-hour surface pressure change over
southeastern Minnesota and central Towa
amounted to a 12-millibar fall which placed it in
the strong category. The axis of the Wet-Bulb-
Zero heiphts taken from the 12002 soundings and
shown on the Composite Charl, Figure 63,
extended from Dodge City, Kansas to Peoria,
Ilinois with walues near 9,000 feet above the
earth’'s surface. This height is in the strong
classification as well

An examination of the 850/500-mb thickness
chart showed the thickness ridge to be well-
defined from southeastern Morth Dakota through
southwestern Minnesota into central ITows,
central Missouri, and northwestern Arkansas
The ridge was located in the zone of maximum
anticyclonic thermal wind shear, the squall-line
formation would be close to this ridge line as the
line of no 12-hour thickness change (which
overlays the 700-mb no-change line) approaches.

SECTION C —POST ANALYSIS OF FORE-
CAST AND OBSERVED ACTIVITY

The surface charl [or 18002 shows the major
surface features associated with the morning

Technical Report 200(Rev)

upper-air patterns, This chart was one hour prior
to the first indication of squall-line development
picked up on radar. A line of thunderstorms and
rainshowers, began forming along the maritime
polar front along the Ottumwa, Iowa—Kirksville,
Missouri—Sedalia, Missouri line at 18002, and by
2200Z an active and severe squall line was
located from southwest of Rockford, Lllinois to
east of Peoria, Illinois through Springfield,
[linois and southwestward to a point northwest
of Harrison, Arkansas. The first severe reports
were Lhe destructive lornado northeast of Peoria
and a windstorm near St. Louis at 22002, and 35-
40-knot thunderstorm  gusts al many stations
along the squall line.

By 270800% the squall line had moved to a
position  from  eastern Ohio, through  eastern
Kentucky, to Tuscaloosa, Alabama, to Lafayelte,
Louisiana, and had degenerated into o line of
heavy showers accompaniad by strong northwest
gusts.

The asalient features, from the 120074 charts
discussed above, are shown on the Composite
Chart Figure 63, along with the reported activity
for the 26th of November. A check of the 18002
surface pattern showed that the initinl squall-line
tlevelopment occurred very close Lo the maritime
polar front from the low center southward
through lowa and north central Missouri. This
development was very close to the 12007 position
of the 850/500-mb thickness ridge and ahcad of
the morning position of the T00-mb and 850-mh
lines of no-temperature change. Infanse low-level
convergence was expected between the advancing
dry low-level air and the moist aiv further east
since the low-level jet and moisture ridpe will
tend to hold, or even curve cyclonically, beeause
of the position of the deep surface low. This
convargence was expected to cause a strong
moisture gradient close to the surface front
shortly alter noon. The 700-mb dry intrusion was
leading the low-level dry tongue which is a
favorable condition for severe activity, The resull
of all of these features, coupled with the apparent
cooling in the thermal trough at 500 mb, was
expected to result in eastward displacement of the
area of grestest instahility to a position just west
of the 1200Z position of the low-level jet,

The broad middle-level jet pattern and the
availability of the middle-level dry air upwind,
over a rather broad north-south front, indicated
that once th= squall line daveloped it would affect
a large area in its eastward movement. The large
instability area also indicated a widespread
pattern of severe weather, Since the most
favorable location for family-type tornado
outhresks with the Type B pattern is usuaally
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Figure 63. Compeosite Chart of the 1200Z 26 Movember 1945
data. Includes the severe activily durmg peried 2600007 1o
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associaled in & narrow zone in the vicinity of a
surface intersection, first consideration was given
to the warm-frontal zone extending east and
sputheast from the surface low. This front was not
likely to move northward any appreciable
distance since the low was forecast to move
eastward and the air to the north of the front was
quite cool. In addition, the lower levels to the
gouth of the front were cooled significantly by the
passapge of the nocturnal squall ling previously
mentioned, The remains of this old squall line
were slill apparent at 18002 to the south of the
warm front and were acting as a boundary zone.
Since squall-line development usually takes place
near and south of the low, the most likely area for
tornadoes war along an axis from near Quincy,
Hlinois toward Detroit, Michigan. The inception
point was expected to be close to the intersection
of the low-level moist ridge and low-level
southerly jet axis with the middle-level jet. This
area of intersection was also the moest favored

Maoy 1972

point for mesocyclone formation. As the squall
line moved eastward and continued to develop
southward in the moist air, consideration was
given to severe thunderstorms or tornadoes
further to the south. Tornadoes were not likely for
several reasons, the primary one being the
absence of a well-defined surface boundary
necessary to intarsect the squall line and cause
subsequent mesoscale developments, Severe
thunderstorms along with damaging wind gusts
and hail were likely to ba widespread along the
remainder of the squall line. Activity in the north
wis expected to be limited because of the cooler
low-level air north of the warm front. Activity in
the south was expected to be limited because of
the presence of dry air south of the 700-mb dry
line and the shallow low-level maoisture indicated
by the position of the 850-mb dry line. These
boundaries were elfective as shown on  the
Composite Chart.
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Appendix E

THE TOP

EKA, KANSAS, TORNADO

OF 8 JUNE 1966

SECTION A—CENERAL

The Topeka, Kansas tornado of & June 1366
is an interesting study of the feasibility and value
of the forecast parameters of Table 4 over a
rather restricted area. The use of the forecast
parameters resulted in a successful operational
tornado forecast for the morning of the 8th. The
forecast was based on the 08/12007 surface and
upper-air data, and 09/0000Z data presented a
point in time midway between the first tornado
occurrence in central Kansas and the last in
northwest Missouri. The destructive storm at
Topeka began nlmost at D9/0000Z.

SECTION B—STORM HISTORY

The first tornado was reported shortly after
08/2100Z just south of Great Bend in central
Kansas and the last near 09/0230Z north of
Kansas City. Evidence indicates that there were
two major tornado tracks associated with the
storm system (Figure 77), The first Lrack extended
from south of Great Bend, Kansas, across Topeku
and ended at the southwest corner of
Midcontinent Airport, 15 miles north of Kansas
City. The second was from north of Salina,
Kansas, across Manhatlan, Kansas, to just
southwest of St. Joseph, Missouri. Also, a third
storm track of lesser intensity extended from
Hutchinson, Kansas, to just southwest of Olathe,
Kansas. The number of tornadoes involved is
unknown but examination of the various tracks
indicated the probability of 6 to 8 individual
storms within the system. The Topeka tornade
began on the ground from about 30 miles WSW of
Burneit's Mound on the svuthwest edge of
Topeka, continued across the city, and went aloft
at the northeast carner of Topeka. The storm then
moved eastward in a skipping fashion with the
last visible damage at Midcontinent International
Airport in northwest Missouri. This track would
indicate a path of total and intermittent
destruction of some 65 miles.

The Topeka storm is & particularly good
example of the Type B tornado pattern. Figures
64 through 77 show the salient features of the
gurface and upper-air analyses including a plot of
the activity reported. The isolated windstorm
shown southwest of Lincoln, Nebraska was
associated with the northern portion of the squall

E—I

line (Figure 77), and under an area of diffluence
at the jet level (Figure GB). This activity was
short-lived since it was well north of the surface
warm front. The activity in central Oklahoma
occurred along the western edge of the 850-mb
and 700-mb moist tongue where strong moisture
was present in an area of moderate horizontal
speed shear just east of the 500-mb cold trough
Also, a large angle of intersection existed between
the strong low-level jet and the speed shear zone.

The single hailstorm east of Quincy, [linois,
vecurred near the surface warm front under the
strong eastern 700-mb dry intrusion, and
reasonably close to the upper jut,

The Quincy storm cell was moving rapidly
under the influence of the strong middle-level
flow, and the tornado reportad northeast of
Rantoul, Hinois, was associated with this system.
T'he early morning outhresak on the 9th in Chicago
und the activity in northwest Missouri of the
previous evening were most likely connected with
the Topeka storm complex: A atudy of the
movemnent of the upper jet indicated that the
storm impulse steered nlong the track of the
upper jet {Figure 76). The speed of translation
was about 37 knots which is compatible with the
strength ol the middle- and upper-level flow,

SECTION C—DISCUSSION OF THE
PARAMETERS

Table 5 summarizes the parameters affecting
the threat arez at 08/1200Z and 08/DO0LZ, From
the UB/12007 data it is apparent that only two
weak parameters (instability and a high Wat-
Bulb-Zera height) would have to be more
favorahle in order that severe Lhunderstorms or
tornadoes could be confidently forecast. Most
parameters usually appear weak in the early
morning data sa the severe-weather forecaster has
to carefully and correctly assess the changes to he
expecte] in space and time to arrive at an
accurate forecast of the threal area and the start
of activity. However, in the Topeka casze, the
12007 data indicate that nearly all of the
parameters favor the development of severe
weather. Early morning thunderstorms modified
the Topeka sounding resulling in a meist and
quite stable air structure. A careful study of the
12007 Composite Chart (Figure 70}, in



Technicul Report 200(Rev)

Table 5 - Summary of Topeka Purameters
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1200Z G002

VALUE Reting VALUE Bating SOURCE OF DATA

500-mb Vortleity Yes 3] Yes g Barotropic or
Beroclinle Prog
Lifted Index 10 W -6 3 FPlotted Sounding
Totals 35 W 5h M Thickness Chart
Mid-Level LSK/90 mm T 59K/%0 mu | S 500-mb Chaxt
Horlzontal Shear Zone B D gt LU
High-TLevel 100K/90 nm 8 95K/90 mm | 8 Jet Chart
Hordizontnl Shear Zope | ~ | | - ] | HES )
Low-Tevel Jet [ L5K S 35K g §50-mb Chart
Low-Level Molsture 10°C M 15°C 5 A50-mb Chart
_(Dew Peint)
f50-mb Max-Temp Field West of 5 West of 8 H50-mb Chart
~—.| Molst Ridgel . Molst Ridge
TOO-mb No-Change LoB735K M a9/ 35K S 700-mb Chart
700-mb Dry Intrusion LoY/LoK M €07 /35K 8 T00-mb Chart
12-hr S5fe Pressure Falls = 2 -6.3-mb | 8 Sfe Chart
500-mb Helght Change —50M M —BOM M 500-mb Chart
Height of Wet-Bulb-Zero | 11,600 £t | W | 9,800 £t | M Plotted Sounding
5fc Pressure Threat 1005.3 mb M 1003 mb 3 3fec Chart
Aren
Sfc Dew Point oLoF M T0°F g e ST Chart
|
Winds Veer With Helght Yes Yes |7 | Composite Chart
Speed Differential No Yes Camposite Chart
Intersecting Upper & | Yes Yes e Composite Chart
Lower Jets
Increasing Sfc Temp Yas +11°F Surface Chart
- T i AFTIY .

¥alling Pressure Yes -6.3 mb Surface Chart
Increasing Dew Foint Tes 16°F Surfuce Chnart
Thickness Ridge Apparent| Yes Tes > Thickness Chart
Thickness No-Change Yes Yes | | Thiclmess Chart
Level of Free Cor .ection| 770 mb W 750 mb Plotted Scunding
Fuvorable Synoptic or Yes 3 i __i_ . el Surface Chart
Mesopattern oy, Tkl = -

s
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conjunction with the surface map (Figure G4),
definitely placed the eastern half of Kansas and
northern Missouri in the primary threat area. The
surface low was progged to move ENE at 20
knols. This movement would cause the axis of
maximum pressure falls to traverse the area and
the warm front would provide a boundary of
intersection for any squall line. The warm front
was not expected to move northward rapidly
because the early morning squall line (Figure 64)
had cooled the wir over much of eastern Kansas
and western Missouri slowing the northward
apread of warm air at the surface. The positions
of the 500-mb, 700-mb and thi kness no-change
lines, and the location of the thickness ridge,
indicated favorable conditions for squall-line
development. Also, deep cold advection was
moving into the area of increasing temperature,
dew point, and instability over central Kansas
and wastern Oklahoma during the aflternoon
(Figure G¥), As shown on the surface chart the
syuall line formed from northwest of Saling o
southwest of Hutchinson, Kansas, ahout 20007,
and gradually grew to the north and south
(Figure 64),

As shown in Table &, the parameters at
O000Z had intensified. Tornadic storms had been
occurring for three hours prior to 0000Z and the
Topeka tornado occurred at (0154, At 12002 a
summary of the parameters showed 4 strong, 7
moderate, and 2 weak compared with 12 strang, 3
moderate and none weak at 0000Z. These are the
slutie values taken directly from the dala with no
adjustments for anticipated changes. In actual
forecast prectice both sets of data would be
further adjusted. For exsmple, the 12004 data
would be adjusted for the threat area at the
eipected time of development. Such an
adjustment should bring the parameters more in
line with the actual conditions at 0000Z. The twa
weak parameters would be medified by the
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addition of heat and moisture in the low levels,
coupled with dryer advection in Lhe middle levels,
and cooling in the upper levels. Other
considerations of the surface and upper-air
patterns would indicate several of the moderate-
rated parameters should increase in intensily. In
addition, the 12-hour surface-pressure fall
forecast would he rated moderate o slrong based
on the track and forecast pressure near the low
center. A similar procedure would be used for the
remaining parameters. All values shown are for
the Topeka aren which was the center point of the
most. destructive activily.

SECTION D—SUMMARY

The Composite Chart at 09/0000Z (Figure 76)
is an excellent example of the concentration of the
important and varied tornado-forecast
parameters in a peographically rustricted area,
The primary area of instability represents Total
Totals of 54, The moist ridge ut 8560-mb and the
low-leval jet are in perfect alignment. The BG0-mb
temperature ridge is west of the moist tongue nnl
dry air is available upstream to the west and
southwest of the threat area. AL T00-mb dry air is
available upwind of the threat area and is being
advected inta the urea ul 36 knots by WSW
winds. The 700-mh no-change line is well-defined
and near the surface squall line. The thickness
ridge has moved to the east of the area and the
squall line is located about 100 miles behind it,
The upper-level jet tranverses the threat area nnd
is significantly stronger than the low-level jet. The
two jets intersect at a large angle. The presence of
so many of the forecast parameters of strong
intensity over a large area is no more unusual
than the frequency of destructive tornadoes
associated with Family-type storms. It is when
these parameters are concentroted over a
particualr area that the more widespread and
violent outbreaks occcur.
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Major fealures on 300-mb  charl for 08/1200Z,

Figure &T
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Figure F1. Major features of 850-mb chart for O%/0000L
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Frgure 71, Major Tearursr an 500-mb chart a1 09 0000L
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Appendix F

THE USE OF AUTOMATED PRODUCTS IN
SEVERE WEATHER FORECASTING

SECTION A—GENERAL

The availability of AFGWC computers
coupled with the concentration of highly
compelent programmers, specialized technicians
in electronic display, skilled forecasting
personnel, and the vast, continuously updated
AFOGWC data  base provides severe weather
forecasters with far more timely and accurate
forecast tools than previcusly available, Current
and prognostic fields of those surface and upper-
air parameters described in detail in this report
are in the hands of the severe wenther forecaster
in sufficient time for full consideration in
producing the Military Weather Warning
Advisory. These products negate the former nead
for time-consuming, manual prognoses of the
various important parameters in space and Lime
and naturally resull in g more uniform appraisal
of the Mture revere weather potential over the
conterminous United States by forecosters with
varying degrees of experience in this highly
specialized field,

SECTION B—AUTOMATED PRODUCTS

Fine mesh 12-, 24-, and 36-hour prognoses of
the Ba0-, 700-, and 500-mb fields are availahle at
two hours plus 20 minutes after receipt of the
early SLAM data These prognoscs are available
on standard 1:15,000,000 wupper air charis
computer printed and displayed through the
AFGWC Selective Display Model (SDM).
Currently, these charts display gridded values
approximately 100 miles apart of temperature,
dew point spread, wind direction and speed. Tt
should be emphasized that the values chosen for
display are limited only by the availability of
data at any given level and there aie many other
display options open Lo Lthe [orecaster.

The AFGWC Boundary Laver Muodel (BLM)
provides advisory forecasters with fine mesh 12-
and 24-hour prognozes of temperature, dew point,
pressuae contours, and winds for selected levels
from B0 through 16800 meters above ground level
(AGL) to supplement the upper-air prognoses.
The BLM 50-meter charl is used as primary
guidance for the surface prog. It depicts the D
value and wind ficelds providing sufficient
information lo analyze the pressure field and

locate the forecast position of fronts and trouphs,
This chart is supplemented by 50-meter
temperature and dew point and maximum and
minimum lemperature progs, AFGWC  also
utilizes the BLM 600-meter wind prog fields as an
aid in forecasting strong gradient gusts, and the
d00-meter temperature and dew peinl progs o
better nssess the stability of the air columns,

Current line mesh analysis of the 860-, 700-,
and 600-mb charts also are available through the
SDOM at 1 hour plus 25 minutes after the SLAM
data. These charts consist of contoured
temperature fields and wind direction and speed,
In addition, compuler plots of data for each upper
air station are available for hand analysis of
important parameters, including 24-hour changes
in heights, temperatures, and dew point sprends,
Any chart described in this report is available
from the AFGWC data base — including, for
example, the 850-1500-mb thickness and totals
chart described in Chapter 8.

AFGWC resources also made it possible (o
develop a unique index designed specifically for
indicating the most probable area or areas of
tornado and severe thunderstorm potential. This
index, termed the Severe Weather Threal Index
ur SWEAT, is available to AFGWC forecasters in
fine mesh gridded form and consists of a currenl
analysis plus 12- 24. and 36-hour prognostic
flields. The 36G-hour fields are fine mesh
interpolation of coarse mesh 36-hour progs. The
SWEAT Index is described in detail in Section €.

SECTION C—THE SEVERE WEATHER
THREAT INDEX

The requirement for an index to specify and
predict areas ol potentially severe convective
weather has long been recognized by the AWS
and civilian meteorological community. The need
for such an index stems from the following
limitations:

a, Operationally reliable dynamic models
capable of forecasting very small scale features
such as tornadoes, or even small parent ovelones,
are not currently available.

b. The [orecast procedures which were used
by the Military Weather Warning Center
IMWWC) at Kansas City, Missouri, limited the
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forecast period to approximately 12 hours because
most of the effort was expended on analyses
Centralized forecasts of unique severe weather
predictors were not available on facsimile
cireuits; therefore, additional efforts were
required to prepare manual forecasis, Automated
production of operational forecasts at Kansas
City was limited by the capabilitics of the
computer available there. The same constraint
prevented expansion of severe weather forecasts
outside the conterminous United States.

¢, Most procedures described in this report
are only semi-objective. The constant turnover of
forecaster personnal, usually concentrated in the
summer months, resulted in the loss of almost
irreplaceable expertise in this esoteric ares of
forecasting. An ever-present and very intensive
training effort was required to keep the severe
wenther forecnsts at o consistently high level of
guality. A new approach was needed to augment
experience with objectivity

The transfer of the MWWC function to the
AFGWC provided the opportunity to apply
unigue resources to the problem. For the first
time, the proper combination of ingredients was
available — a wvastly improved current and
predicted environmental data base, together with
required meteorological know-how, programming
expertise, and computer hardware.
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SECTION D—DERIVING THE SWEAT
INDEX

Case studies collected through the years at
the MWWOC provided the foundation for
developing a Severe Weather Threat (SWEAT)
Index. A study of 328 tornadoes und experience
gained in daily forecasting determined which
parameters to consider and the relative weights Lo
be assigned to each parameter. Several
constraints were imposed.

a.  The index must be computed from 1.8,
selected-level radiosonde (SLAM) data available
approximately one hour after observation Lime,
This allows an automatad plot of the SWEAT
Index available about one hour and 156 minutes
after observation time and gives a maans of
rapidly appraising Lhe current air-mass potential,

b. The index must be computed from ficlds
currently stored in the AFGWC prediction data
base, This facilitates automated prognoses of the
SWEAT Index without a major revamping of the
tata hase,

¢. The parameterization must use reported
and predicted values directly, rather than relying
on derived parameters or complex pattern
recognition.

Under the above constraints, using our
empirically derived weighing faclors, the SWEAT
Index was developed to the present form [ 6 J.

= 85(-mb dew point in degrees Celsius (if D is negative, the term is set to zero)

I = 12D + 20(7T-49) + 2@ + 5 + 125(5+0.2)
where
I = SWEAT Index
D
fB = speed of 850-mb wind in knots
f6 = speed of 500-mb wind in knots

S = Sin {(500-mb - 850-mb wind direction)

=]
w

- “Total Totals’” in dJegrees Celsius (T is the sum of the 850-mb temperature

and dew point, minus twice the 500-mb temperature; if T is less than 48, the

term 20(T-49) is set to zero)

The entire shear term, 125(S+0.2), is set to
gero if any of the following conditions are nof
met: B50-mb wind direction in the range 130
through 250 degrees, 500-mb wind direction in the
range 210 through 310 degrees, 500-mb wind
direction minus 850-mb wind direction positive;
and hoth the 850- and 500-mb wind speeds at

least 15 knots. Note that no term in the formula
may be negative.

Application of this formula Lo past tornado
and severe thunderstorm cases resulted in the
distribution of SWEAT Index walues versus
ohserved weather shown in Table 6. The
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cumulative distribution of SWEAT Index values
versus observed weather is shown in Table 7. A
severe thunderstorm, as defined here, i3 one which
is accompanied by gusts of at least 50 knots
andfor hail at least 3/4-inch in diameter. A tor-
nado case is defined as the occurrence of five or
more tornadoes in the same general area. A
severe thunderstorm case 15 defined as the
occurrence of a combination of five or more severe
thunderstorms and/or tornadoes (0-4 tornadoes)
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in the same general area. The cases are mutually
exclusive; ie., no tornado cases are also included
as severs thunderstorm cases, although in some
instances both kinds occurred on the same day
but in different areas. SWEAT Index fields were
analyzed from station data for the synoptic hour
(000Z and 1200Z) closest Lo the occurrence;
hence, values were interpolated in space bul nol
In time.

Tahle & - Distribution of SWEAT Index values versus observed weather
SWEAT Index Value
200  2-300 3-400  4-500 5-600  6-700  7-800
Tornndo Cuages ( ] | (a) 23 27 5 1
Severe Thunderstorm Cases D 4 (b) at a6 a0 4 L
(n) Actual value 375 (b) Lowest value 272
Table 7 « Cumuolative Distribution of SWEAT Index
Values Yersus Ohserved Wealher
SWEAT Index Value
<200 <300 <400 =500 < 600 =700 <800
Tornado Cases i 0 1 (a) 24 Al i 57
Severe Thunderstorm Cases 0 g (h) 1 A7 a7 101 140

(a) Actual value 370 {h) Lowest value 272

From Tables 6 and 7, it appears that the
SWEAT Indux threshold value for tornadoes is
about 400, and for severe thunderstorms about
300. Remember, only cases where sevare weather
was known Lo have occurred were considered.
Nothing can be inferred about “false alarm’
rates. It must be emphasized, however, that the
SWEAT Index is only an indication of the
potential for severe weather. A high SWEAT
Index for & given time (either observed or
predicted) doss not mean that severe weather is
occurring or will occur. Some tvpe of triggering
action is necessary to realize the potential
Experience has shown that, although high
SWEAT wvalues can occur in the [Inited States
during the morning (12002) without concurrent
sevare convective weather, the polential is usually
realized if the predicted value for the alternoon
and evening is also high. Although low observed
values of the SWEAT index almost certainly
mean there is no severe weather nccurring, values

spmelimes increase dramatically during a 12-hour
period. For example, at 1200Z, 8 June 1966, Del
Hio, Texas (DRT), had a SWEAT Index of 608
while Topeka, Kansas (TOP), showed 3293,
Twelve hours later (0000Z, 9 June 1966) the
value at DRI dropped to 232 with no activity
necurring while the value at TOFP jumped to 573,
One of the most powerful and destructive
tornadoes on record slashed through Topeka,
starting about 0000Z, 2 June 1966, (See Appendix
E.)

The SWEAT Index should not be used to
predict ordinary thunderstorms. Use of the shear
term and minimum values for the stability
{Totals) and wind speed terms were specifically
designed to discriminate between ordinary and
severg thunderstorms, For the prediction of
ordinary thunderstorms, a stability index such as
the "Lifted Index'' oar "“Totals' i3 mora
applicable.
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In addition te the early SWEAT analysis and
progneses mentioned above, AFGWU forecasters
are provided with a modified SWEAT Index
hased on the BLM current analyses, and 12- and
24-hour prognoses. This procedure substitutes
data at o terrain following level for the 850-mb
lower reference level used in the early SWEAT.
By using the BLM analysis and forecast data, the
Ah0-mb temperature, moisture, and wind are
replaced with BLM data for 800 meters above
ground level (AGL). An adjustment is made to the
“Totals” term to compensate for the varyving
thickness of the 900-meter AGL/500-mb layer.
This results in o flonting index (over the terrain)
which has proved more reliable in high terrain
arcas, The early SWEAT has been retained for
use with SLAM data, ns well as for arcas where
BL.M forecasts are not available. Several
cxamples of SWEAT analyses and prognoses are
shown in Figures TH through 80,

A further refinement was ndded to the BLM
SWEAT package in the fall of 1971, This consists
of a single charl which depiets the forecast
maximum SWEAT wvalue for each grid point for
the 24-hour period following the 12007 and 0000Z
data base times. Also depicted is the Z-time this
maximum value is expecte). This chart has
proven very successful in real-time operation and
its application to a specific case 15 shown in
Figure 81.

SECTION E—AN OPERATIONAL CASE

On the 21gt of February 1971, a series of
destructive tornadoes moved through portions of
extreme northeastern Louisiana and over most of
western, north-central, and northern Mississippi.
The number of tornadees reported exceeded fifty,
but subsequent air and ground investigation
indicated only three primary, nearly parallel,
paths of damage (Figure 82). The [first of this
violent series of lornadoes was reportad at Delhi,
Louisiana, shertly after 2100Z. The last report, at
01237, 22 February, was from the second and
longest track, which covered approximately 120
miles. Several reports of multiple funnels were
received along portions of the three tracks These
storms were the most concentrated of a series of
tornadoes which occurred during the threec-day
period 21.23 February 1471 in the Gulf Coast
states eastward into the Carolinas and Virginia.

The tornadoe forecast parameters used by
both the AFGWC and the Severe Local Storms
Unit (SELS) of the National Weather Service at
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Kansas City were evident in profusion on the
surface and upper air charts for 1200Z on the
21st. A talephone discussion and exchange of
information hetween the AFGWC and SELS
forecasters resulted in agreement that the primary
threat area would include the northwest portion
of Louisiana and most of Mississippi, and that the
activity would start during the early afterncon.
Figures 83 through 90 graphically portray the
most important features at the B50-, T00-, and
500-mh levels for data base times of 12004, 21
February, and 0000%, 22 February 1971, including
composite charts used by the AFGWC for these
times,

Figure 91 depicts the compaosite chart valid
for O000Z, 22 February, mode from 12-hour
prognoses from the data bhase for tHe 850, T00-,
and 500-mb levels. A comparison  with the
verifving composite chart made from  actual
DOVOZ observations (Figure 90) clearly shows the
wecurncy of the fine-mesh forecasts in  this
instanoe.

The early 12-hour forecast SWEAT Index
field walid 00002, 22 February (Figure 92),
showed wvalues exceeding 850 over northern
Missisippi. These wvalues wera well over the
tnrnado threshold value of 400 and the highest
vet seen up to that time on prognoses using the
present form of the SWEAT Index formula,
Utilizing the lorecast composite chart and the
progged SWEAT Index values plus the favorable
surface synoptic pattern, the AFGWC Advisory
Forecaster indicated tornadoes and severe
thunderstorms over the threal area during the
afternoon and evening of the 21st. The 24-hour
SWEAT forecast indicated eastward and
southward movement of the threat area, with
values just above 500, by 12007 on the 22nd.
Tornadoes occurred over the southern half of
Alabama and Georgia during the night and
vontinued into the early morning of the kind.

The relative strength of the parameters at
12007, 21 February, and the forecast values for
O0DDZ, 22 February, derived from AFGWC
products are shown in Table 8. This is 2 modified
versinn  of the tornado parameter worksheet
depicted in Table 5, Appendix K, Note that the
SWEAT Index has been added to this worksheet
with value= of less than 350 considered weak, 400
to 500 moderate, and greater than 500 strong. The
rating of the other key parameters is shown in
Table 1, Chapter 5.

F—4
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Table 8
SEVERE THUMDERSTORM AMD TORMADO PARAMETER WORKSHEET
RHEA ADVEORY HUNRER TaTE ADYIOAY vALID
LA-MS-AL BE 2l FEB 71 2l 18 z.,. 22 . 06 2
12790 AHAL MAT PROG
FARAMETER VALLUE HATING -'il'ﬂln.l.rl . AATING RE“H‘EE.’YERIFICQ,'HIJH
SHEAT 500-550| S+ |500-6661 S |RNYal Bonew gl ER
10TALS 58 S+ | 58-80 | S
LIETED INDEX -5 5+ -T | 8
PvA 30° M+ 40 | s
500 MB HT FALLS -200M : S | —-Z00M 5
500 MB JE T 95K | S— | 90K s
BE0 WMB MO T LR E i e | M+ 13 S
W OF MOIST| W OF MOIST| i =
050 TEMP RIDGE RIDGE S RIDGE | S |
LO-LEVEL JET 45-55"::’ S . |lLaBOK 5
700 Wl BRY IHTRUSION 5 s
i ~ WINDS o | WINDS | 7 [0000Z DATA
190 4B HOCHANGE TEMP enoss czoe) W |caoss 20400) ACTUALLY STRONG s
WIKDS VEER WITH HEIGHT YESIT | =] YEIW| —=
e ———— — S —— — e — i - - . b
[ e
WINDS INCREASE WITH HEIGHT YES — YES | —
e A = f il
INTERSELCTING LI# AND LG JETS i YES —— ! YES | — i
SFE DEW POINT 62° | M+ 66" S |
LFC PRESSURE THROAT AREA |1oos8 M+ ooz ' 5 \
FaALLING PRESSURL YES — YES i —
INCREASING SFC TE WP | YES — YES | —
INCREASIRG DEW FOINT YES = I YES =
THICKHES: RIDGE YES — | YES _—
THICKHESS NOLCHANGE B ES: === YES | —
e ek
MELD OF SYNOP PATTERN j FﬁWHAELE: FAVORABLE | ——
REMAREE
MARKED DIFLUENCE OVER THREAT AREA AT I200Z AND PROGGED FOR Oo00Z,
NUMERQUS TORNADOES CCCURRED FROM N.E. LA INTO MS AFTHN AND EVNG.

AFGWC Ii57) 0-325
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Figurs 7L The S-hour SWEAT prognosfic Meld vaiic seiil, 34 April 1971 Laalld lines ) arsd It H-heur SWEAT prognostic fleld valld 160, BT
34 Aprll 197 (dashid lines) and locatiom of lomada and srvere Tundarilonm ctiurmsnces. Actheity began al 11157, 11 April In norffeas?
Alsbama snd spresd sast snd sowih ble Oeorgla snd seufhern Soumh Carcling with the lasl mport oear Charkeiton af 0925, 34 Apri.
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\J TORNADGES o = <2
® SEVERE R

Figure 7Y, The 12-hour SWEAT prognosiic fieid valkd o0z, 27 April 1771 (solia fines ), variying SWEAT valoes (Gashed Hines ), and fermada
and savers TUunGersionm ooturrences frem TI0E, i April le B15E, 37 April. A tornade and hall siones sver three inches in diameler wore
reported near Enkd, Okilahoma.
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1§ September 1571, Aln shawn i an analysls of e maximum SWEAT values

index value (log number! and foresast Z-Hme of the maaimum {Bothem number) for

g ST,

Ths AEGWC BLM mazimum SWEAT
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Figury £1. Primary damage fracka ol fornagoss over Loubilana and Mississiopl which oocurred from T10E, 3% Felrruary fo 01215, 13

February 1971,
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Appendix G

THE FORT RUCKER, ALABAMA TORNADO OF
13 JANUARY 1972

SECTION A—GENERAL

At 0726Z, 13 Janvary 1872, a destructive
tornado struck the Enterprise-Ozark area in the
southeast corner of Alabama  Several million
dollars in damage, which included total
destruction of a number of helicopters, was
inflicted at Fort Rucker, Alabama; major damage
was also suffered in the nearby Ozark area. This
tornado was one of a series that hit southeast
Alabama, northwest Florida, Georgia, and South
Carolina on 13-14 January 1972. This case study
is included because this type of tornado is the
most difficult to forecast, i.e., they are not
associaled with identifiable synoptic or even
mesoscale features such as lows, organized squall
lines, warm fronts, etc. In these instances, we are
trying to forecast microscale phenomena using a
macroscale network., This case study also
Hustrates the usefulness of the SWEAT Index in
identifying areas of rapidly increasing instability,

SECTION B—SYNOPTIC SITUATION

AL 1200Z, 12 Japuary 1972, a decaying warm
front was evident along the Gulf Coust extending
from near New Orleans across northwest Floridu
and off the easl cosst near Savannah, Georgia.
This boundary became progressively diffuse
during the day allowing tropical air from the Gulf
of Mexico to spread inland. Figure 93 shows the
surface chart for 00007, 13 Junuary, Southerly
flow of air from the Gulf deminates the entire
southeast United States with the closest frontal
system located in the Misscuri-Oklahoma area.
Isolated thunderstorms occurred over the
goutheast United States during the period from
1212002 to 13/0000Z but no severe weather was
reported,

The compuosite chart for 1300002 (Figure 94)
delineates the important paramelers at that time.
At 500 mb, the thermal trough extending from
western South Carolina through central Georgia
into northwest Flaorida was probably a
vontributing factor to the thunderstorm activity
which occurred during the day and into the
evening of 12 January over portions of the
sinitheast United States. A second and stronger
500-mb thermal trough associated with a 30 m/12

hour height fall area extended from northeast
Arkansas into northwest Louisiana and on
southwestward, Close examination of the 500-mb
wind field revealed s relatively weak short wave
over southwest Mississippi and southeast
Louisiana just ahead of the thermal trough. The
#00-mb numerical prognoais indicated this minor
short wave would move rapldly eastward and be
located over western Georgin by 13/12002, T'his
minor short wave triggered the initinl outhreak of
tornado activity, the first tornado oceurring nine
miles narth of Pensacolu, Florida at 13/0340Z and
the Fort Rucker tornado at 13/0725Z. The lost
tornado report in this initinl outbreak oceurred at
L3/07432Z. At 1300007, several parpmeters
favoruble for severe weather were wither in
cxistence or progged to be present within the next
2 hours. These parameters (Figure 84 consisted
af & low level jet over the threat area, the
presence of dry air upwind, a moderate 500-mb
jet, and increasing low level moisture. Parameters
not favorable at this time included low level (8560
mb) flow parallel to the low level and mid level
(700 mb) dry/moist houndary, Severe Weather
Threat (SWEA'T') Index values less than critical,
lack of a strong trigger, sparse HADAR detected
aetivity, and the complete absence of a surface
houndary or organized pressure fall patiern,

The composite 12-hour prognostic chart valid
at 13/1200Z (Figure 93) indicated that nearly all
the parameters would fall inte place by this time.
The SWEAT Index wvalues were forecast to
increase over the threat area with values over 400
at 14/12007 reaching the northwest Florida coast
(SWEAT values isopleths valid at 13/1200Z not
shown in Figure 95 to reduce cluttering). In
addition, the AFGWC Boundary Layer Model
forecast maximum SWEAT values fur Lhe 24-hour
perind from 1300002 to 14/0000Z showed a
dramatic increzse with wvalues exceeding 400
ocourting over a large area of the southeast
United States and a peak value of 573 accurring
along the nerthwest Florida coast. A fairly strong
500-mhb short wave was progged Lo be over eastern
Mississippi. Increasing low level moisture was
apparent and both low level and 500-mb jets were
furecast to continue over the threat area, While
the low level dry/moist boundary was present,
flow patterns were nol favorable for its eastward
progression. This was off-set, however, by the
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Table 9
SEYERE THUMDERSTORM AND TORMADO PARAMETER WORKIHEET
#REZ GRN AL — ADYONT MUMBER  |DATE ADYBORY YALID
FL PNHHN A o=
N';' QL_E% oA 48-49 130000Z JAN 72 57, Ofnw I%iE &
DOO0T ARATL i200T FPRAOG
FARAMETER WALUE RATING VALUE naTING REMARRS/ VERIFICA TION
Bl I =YD [ HLM MAX 4B0-873 21-00Z (5)
SWEAT 343 W+ | 330-400 | &+ li200z 400-468(M)
Sl 52 M4+ | 52 M (12002 51-54 (M)
LIFTED INDEX =8 M+ ‘_5 Wi [ES0E ‘a {!”__ =l
S W W M M |12002 (M)
500 B H1 FALLS =30 M __'_‘_4_‘-"'__ M 12002 “4_0{"”" » ol
RS 50 K M s0 | M [1200z eoK!(S)
B30 MO MOISTURE 8’ oW o® M |l200Z 13° (S)
; e R OVR MOIST " WOFNOIST | o [12002 WEST OF MOIST
| 850 TEMPRIDGE A RIOGE. }.o ™ | RIBGE. L [RIDGE {5}
|
Ui 30k | M | 30k | M |1200Z 40K (S)
fi=a=r=——T I:FIOSEJ;IEM W4 | GROSS AT 3 STRONG DRY INTRUSION
| 700 MB DRY/INTRUSION © 02 ANGLE _40% ask | T |UPSTREAM 12002 {S}
NGT HOT w  |1200Z EVIDENT (5)
700 ME HO-CHANGE TEMP EVIDENT EVIDENT 40K AT 507 ANGLE
ik IETEMP: - %
WINDS VEER WITH HEIGHT YES e YES — ||1200Z ¥ES
WIHDS INCREASE WITH HEIGHT YES T YES — |1200Z YES
INTERSECTING UP AHD LD JETS _YE — YES — [12007 YES
SEC DEW POIHT 8P i s |" HE8Y T s 2007 “BR%(S)
Bl it i A I el o] B e =Pl S AT S
| 12002 1010 BECAME MORE
LEC PRELSUURE THREAT AREA Icls w —Ej lﬂ rj | W iF'u'FlEL FORENOON (W)
i o — —_ r ] ——f—— T T
FaLLIMG PRESSURE YES | M YES M |1200Z YES (M)
WY evew At LITTLE 2 "LITTLE | | COOLED SLIGHTLY DUE TO
JNL'H'I:.*.ELIJfﬁ_I"L.]EMP‘_ R CHANGE _ } CHANGE En. ACTIVITY
INCREASING DEW POINT SLIHT | | = YES o= | YES (8002
HOT | I
THICKMESS RIDGE f EVIDENT I [NOT EVIDENT
HOT
TIHICKNESS HO-CHANGE | evipenT | NOT EVIDENT
—_ - - — T == SECAME MORE FYREL
MESO OR SYNOP PATTERN | POOR | —— | POOR | ——|; 0 nc FoRENGON
REMARES
FIRST TORNADO I307258Z ENTERPRISE-OZAREK AREA AL.
20 MORE TORMADCES DURING PERIOD 131200Z TO 1411252 ACROSS SRN AL-—
WW FL-W CNTRL AND SRN GA INTC CNTRL S5.C.
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forecast position of the 700-mb dry/meist
boundary accompanied hy strong cross flow from
dry Lo moist air. It is also significant to note that
by this time the low level temperature ridge
would no longer coincide with the low level
moisture ridge, but would retrogress westward
causing a more volatile situation,

The composite chart made from the actual
1312007 data, shown in Figure 96, indicates all
parameters in the moderate to strong category, A
summary of the severe weather parameter values
from the 13/0000Z analysis, the 13/12002
prognosis, and the verifying values at 13/1200Z
are shown in Table 9, After the initial outhreak of
tornadoes from 13/03402 to 13/0743%, including
the one which hit Fort Rucker at 13/07252, the
tornndo activity ceased for approximately 4 172
hours and then resumed wgain at 1312152 and
continued throughout the remainder of the 13th
and into the early morning hours of the 14th. A
map showing the location and time {to the nearest
lipur} of the tornade and severe thunderstorm
accurrence 15 included as Figure 97

SECTION C—RADAR ANALYSIS

Analysis of data from five weather radars in
the area supports the contention that a weak 500-
mb short wave trough, passing through Alabama
and the Florida panhandle into Georgia, triggered
the initial tornado outbreak between 13/00407
and 1307437, The trough triggered
thunderstorm activity as it moved eastward
Radar echo tops in the area of the trough were
consistently higher than surrounding tops
throughout this perind, Furthermore the trough-
induced favorable development ares propagated
eastward at the same speed as the trough itself

Figure 98 shows selected examples of scope
photographs taken every ten minutes at the
Apalachicola, Florida, WSR-AT radar. The photo
series covers the period 13/0820Z2 to 13/0720Z
{times are approximate because the camera clock
and interval timer malfunctioned). In all
photographs, Fort Rucker is indicated by an open
circle at 333 deg/100 nu. «n the first two photos,
Pensacola, Florida, is indicated by an open circle
at 262 deg/123 nm.

The photo series shows that the Pensacola
tornado (0340Z) and the Fort Rucker tornado
(0725Z ) came from the sume parent thunderstorm
complex; or more precisely, the Fort Rucker
tornado was spawned from a thunderstorm which
had converged with the Pensavola storm. The
0320Z photo shows the Pensacola parent
thunderstorm echo, which, with tops in excess of

intense
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40,000 ft MSL, moved northeaslward with a speed
which gradually increased from 12 knots at 03202
to 25 kpots at 0600-0640Z. At 06207, a new
thunderstorm complex began to form south of the
muture system. Subsequent photographs show the
new system intensifying and converging with the
mature storm. The echo convergence is apparent
in the 0640Z photo, and the 07207 photo seems to
indicate the new thunderstorm eomplex grew ot
the exponse of the old system. At the time of echo
convergence, the Centreville, Alabama, WSR-57
radar indicated tops of 51,000 ft MSL for this
complex. Apalachicola reported 40,000 fi, and Lhe
truth is likely to be somewhsre betwesn these
values, In any case, this echo complex had either
reached or was penetrating the 40,000 ft
tropopause hy (6407, Tits antecedent, the
Pensacola storm has echoes ul, near or slightly
exceeding the tropopouse throughout most of Lhe
period 0340-0640Z. Interastingly, at the time of
echo convergence, the Pensacola thunderstorm
complex, which had been moving at an average of
21 knots Ffor more than three hours, accelecated Lo
40 knots, a more characteristic apeed for severe
weather echo systems. Mo change in the divection
of motion was noted, The merged thunderstorm
complex continued northeastward with tops
penetrating the tropopause until at least 08124, 1t
was Lhis complex which spawned the Enterprise-
Fort Rucker tornado,

This phote series shows no hooks,
protrusions, pendants, weak echo regions or ather
echo signatures signifying severe convective
weather. This is not surprising since none of Lhese
echnes was closer to the radar than 100 nm,
Furthermore, the 250 nm PPl range was used for
photography and the receiver was operated al (ul)
gain. Considering the echo range alone, at 100
nm, & beam at zero degrees elevation would be
positioned 6,600 ft above the ground and would
have a diameter of more than 21000 ft. Under
these circumstances, hooks and weak echo regions
cannot be expected; therefore, a combination of
radar reflectivity factor, tops and movement
should be used to identify severe storms.

In this casze, tops, movement and the previous
history of the stormt were the prime radar
indications. As indicated by Darkow in papers
presented at the 14th Radar Meteorology
Conference (1970) and at the Tth Conference on
Severs Local Storms (1871), and as reported in
AWSTH 243, a parent thunderstorm complex that
produces one tornado is guite likely to produce
another. In fact, the probability of multiple
torpnadoes from a single parent storm s
sufficiently  high that meteorologists should
routinely assume “more tornadoes are on the
way,”" provided the parent storm shows no
marked signs of dissipation or decay.
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SECTION D—SUMMARY

This study illustrates the synoplic situation
secompanying the occurrence of tornadees in a
Type 11 air mass which occurred (at least the
initial outbreak) without & well-defined triggering
mechanism. The tornadoes resulled from
increasing instahility throughout the period snd
the passage of several short wave troughs at 500
mb. The initinl outbreak of severe weather

G—4
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securred with a relatively minor short wave; this
was followed by a repeat of severe aclivity
associated with the following stronger short wave.
Even though the synoptic features were not well
defined and the triggering mechamsms were
diffuse in Lhiz case, the analyzed and forecast
SWEAT Index values were quite useful in
pinpointing the potential area for severe wenLher
pctivity.



May 1972 Technical Report 208{Rev)

oL
4 h

Figure ¥l Zurace charl for G0EI, 11 Jaswuary 1972
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char! for S00OT, 11 Jampary 1977,

Figure F. Compesile
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Figure #5. Compmlile progneslic char! valld 13T, 13 Janvary 1970 Maxlmam forecast SWEAT Inday vaiyes for T4-no0ur paricd baginning
PODOE, 13 Jenuary 1771 ahawn by Solid leepHime.
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Eluire ¥, Composite chart for 1286F, 13 Jenuary 1972 SWEAT Indox values oirierved afl map fime shown By selid (saplefhs,
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LEGEND
® SEVERE THUNDERSTORM

¥ TORNADO

V FORT RUCKER TORNADC

'\u.-'l Figure #1. Location and fime (ko nedrest hour of Idimel of tornada and severe thunderstorm sccurrences on 13-14 January 1572 (all
ccurrence on 11 Jaruary 1971 excep! whers 1i precedes T-1ime).
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Flgure 8. Photographs of the PPI scope of fhe WER -7 siorm datection radas at the Apalschicoln, Flerida Wealher Service O4flce on 13
Jamsary 1%71. Bcope range i 18 n. mi; rénge marks are at 2 n.oml nlervads,
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Appendix H
CHART SYMBOLOGY

SECTION A—GENERAL

The number of levels and the variety of
paramelers needed to analyze a typical severe-
weather situation require special symbols and
color schemes to organize the information
analyzed on the manuscrip® chart

SECTION B—PROCEDURES, SYMBOLS,
AND COLOR SCHEMES

The following procedures, symbols, and color
schemes are used in actual practice, and Figure
99 is a handy guide which can be unfolded to be
referred to as the report is being read

#. The surface chart is completed in black
pencil with frontal systems and other lines of
discontinuity depicted by standard printed map
symbols, The major 12-hour pressure fall centers
are entered using the symbol “ 4 P."

L. The positions of significant dry lines and
dry prods (tongues) at 850 mb are entered in red
using an alternating dashed line and circle
representation.

¢, Shears and convergent zones in the low-
level flow are indicated by solid red arrow-tipped
lines, and low-level jets are shown by double-line
shaded arrows. Jet speeds are often shown near
the upwind end of the arrows.

d. The axes of low-level moisture arcas are
indicated by solid green arrows, and axes of areas
of major moisture advection are shown as double-
lined, shaded, green arrows. Often moist tongues
are outlined as double green-shaded lines

e. Principal 850-mb temperature ridges are
denoted by a line of solid red dots

f. Frontal positions and other lines aof
discontinuity at the BA0-mb level are entered in
red.

. Significant areas of moisture at 700 mb
are shaded lightly in brown.

h. Dry-air tongues at 700 mb are outlined in
dashed hesvy brown lines.

i. Well-defined lines of 12-hr no-
temperature change associated with signilicant
troughs at 700 mh are denoted by brown sclid X's
and dashes.

j. Frontal positions and troughs at 700 mb
are entered in brown using standard printed map
aymhaols.

k. Significant wind flow ar 700 mb is
entered using brown arrows with the axes of
maximum-wind flow denoted by double-line
arrows. Special attention is given to the wind

H—1

flow between the dry and moist arcas, and the
location of near-by jet aies.

l. Temperature ridges or other desired
features of the 700-mb temperature field, are
entered in brown using heavy-shaded circles.
Thermal troughs are often shown a8 brown open
triangles.

m. The positions of thermal troughs at 500
mh are entered on the Composite Chart as open
blue triangles, and a sufficient number of
isotherms necessary to define the 500-mb thermal
field are entered as dashed blue lines.

n.  The 500-mb Critical Temperature for the
season of the year 1s often shown as a heavier
shaded dashed blue line, The Critical
Temperature is that temperature during a month
or season which, if exceeded in the direction of
cooling, is highly correlated with thunderstorm
oCeuTTences,

v, Significant wind flow in the middle
levels, including the jet band, is depicted by a
solid heavy blue arrow, horizontal zones of speed
shear by open blue wavy lines, and zones of
diffluence by jugged blue lines,

p. Significant height fall areas at 600 mb
are shown as solid blue double lines and
temperature full areas as broken double blue
lines.

q. Similar features at the 200-mb level ara
frequently entered using the same symbols as
shown for the middle levels except the shaded
dreas are purple.

r. Thae &30/600-mb thickness ridges are
depicted as solid black dashed lines and the 12-
hour no-change thickness line by solid black X's
and dashes.

s. Thickness falls are shown as solid black
double lines.

t The Total Totals analysis for 50 and
greater, by 2° or 4%-isopleth intervals; are entered
as dashed orange lines.

u. The Lifted Tndex determined from Lhe
analyzed racbs is often entered as open black
rdashes.

v. The 500-mb barotropic or baroelinic
progged areas of maximum vorticity for the
forecast period are outlined and shaded in yellow,

w, The SWEAT Index is entered for values
of 400 or greater, using solid orange lines,

SECTION C—PARAMETER SYMBOLS

A number of symhbols are used on Activity
charts to denote the severe weather ohserved.
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e
a. Thunderstorms are entered as solid and .
circles; e, Hail occurrences are entered as solid
b. Toernadoes are solid triangles; squares.
v. Lightning is an arrow with the shaft bent
at a 90° angle, Figure 99 is a fold-out aid to be used while
d. Damaging winde are a “plus’ symbal; the reader studies the many figures in this report,
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r— . [ CHART PARAMETER ENTRY COLOR SYFEOL*
= - - -]
SR | Fronts, Isobars, Already on negular ALAL — -
Trangitory Discontinuities | Base Map Penoll o s —
Surfﬂ.GP T-DLJ’;’Dr = Pr“ﬂﬂ- FE.'“H:‘ HEEU.:L:L];\
3 ot ¥ Same Perncid L ¥ o i
Regular
12-Hour P Falls Sama SeEuhar . AP
Dry Lines or ; . e
Dry Prods Mandatory Red o003
fleneral Flow Az Requlred Red ik
Low-Level Jets e a3 K
Max-Wind Values Mandatory Red
2 L1
Horlzontal Speed Shears Optional Hed o
50 Mp e
:ELXEE Convergent Zones A3 Requlred Red _*ﬁ,_ﬂ—r-ﬂﬁ"
Low-Level e i -
pAE g ErmnE?, Troughs, Optional Red Y o, T o, T
MoLa bipme Squall Lines e e L
RS Temp Ridges Mendatory Red LN R NN N N
Axis of Cold Advection Optlonal Red __ga-ooee—"
Axes of Molsture Mandatory Graan L T
o fax-Molsture Influx Optional Oreen M
Molet Tongues OpLtlonal Green 10"‘-:
Dry Tonguesa, Prods i : g
or Intrisions Mandatory Brawn ____:,
Molsture As Hequired Brown
; : Mandatory When w
nHpr Ne— o | of | —_—
12-Hr No-Change Lines WeXl Masied Braown f,i-*'“ #
Fronts/Troughs Cptional Brawn é ; A AT
Thermal Troughs Optlonal Brown W
TOO MB vvow
General Wind Flow As Required Brown ’2:-:-:#
3 80K
Max-Wind Axes Mandatory Erown m
ignifi Helght -6
Fﬁ%?: cant Helgh Ostional Brown ( D
= = T . = 0
Significant Temp Fallis Optional Brown G:.—_, —
._| Temp Hidges Oofional Brawn #X xR xieaxm

% These symhbols are for black and white charis. A few color symbols used at
MWWC differ slightly frum what is presented here,

ﬂ Flgure 97 Lisl of the paramater spmbels wied In the figures

of this report.




Technical Report 200{Rey)

CHART PARAMETER ENTHY COLCR SYMBOL*
Convergenl Zones As Regulired Brown e o o e
Too MB fxie of Cold Advection Optional Brovwn —B-0-0-0-0-0- 0
Diffluent Zones Mandatory Brown LV W P P
I Thermal Troughs Mandatory Blus 7 7 ~ vy
Isotherms Mandetory Blue .20002°°°% %80,
Critical Seasonal
Tempe e Lure Optional Blue M
General Wind Flow A3 Required Blue 9%
500 M2 Jet Flow Mandatory Hlue L
and/on . ;
Mid=levels | piffluent Zones Mandatory Blue W
Horlzontal Specd Nin - / UUIUUIUIUInﬂ
- Shaars Mandatory Blue
o L A o -2
ﬁlgvﬁlicant Hedight Optional Alue
Falle .
Slgnillcant Temp Falls Optional Blue 6’: =8 Eﬁ%
i [BO0=mb Molature Optional Green (a0 D
, Jet Flow A3 HRequired Purple
L i . ¥
Jet and Jor Speed-Shear Zonco A5 Regquired Purple
Trop Chart | nyefinant Zones As Required Furple
Jel Max Optional Purple
I Thickness Rldges Mandatory Black
12-Hr No-Change i
Thickness Line Mandatory Blacic
ficant
850/500 mE | Brent - Mandatory Black
Thiekness Thlckness Falls
Chart
Ay iy, Mandatory ¥
Total Totals 50 and Abave Qrange
Zonep of Marked
Ainti=Cyolonle Wind Cptional Blaclk
Shear
- Lifted Index Optional Black
RAUES .
Leviel of Free —~
B envanEen Optional Blacl
Vorticliy Max Positive
Progs Vortieity &dvection Optional Yellow %
SHBAT Severe Weather Threat a00
fnalysis |Ipdex Mandatory Orange ¢ 500
Prognosis —

UL




