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PREFACE

Afier more than 15 years of studying and observing the severc stonm warning process, [ saw a definite need to
improve the overall understanding of thunderstorms and related phenomena. Through real-time expericnce in the
Severe Weather Unit of the Air Force Global Weather Central, 1 was able o learn many "snap decision” techniques
for issuing severe weather warnings. As my knowledge of severe storm structure and behavior increased, so did my
ability to pinpoint severe weather events belore they occurred. A real test came in 1985 when [ developed course
curriculum in the Weather Technician Course at Chanute AFB to tcach this concept to new forccasters. The
information already existed, but in a format that was not very "user-friendly.” 1t was my job to put it in a format that
would be more practical and easier to understand. The resull is an attempt to provide the requircd knowledge to all
operational [orecasters who have a severe weather warning responsibility.

I wish (o express sincere thanks to Colonct Randolph W. Ashby and Major Steven R. Gilbert formerly of the

Wwh Weather Squadion, and w0 Major Craig K. Wikes of the Training Matcrials & Programs Division of Air
Weather Service, for their critical revicws of this paper.
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INTRODUCTION

Severe convective storms are predictable. They have
been routinely forecast with increasing accuracy since
the late 1940s. When these storms threaten, people are
still frightencd.  But because they are gencrally wamed,
more survive, with fewer injurics.  Since  fatalitics
obviously still happen, and since people stll rush to

cover becausc of "false alarms,” we still have a long way.

10 go in improving severe storm prediction,

Increasing numbers of less experienced forecasters are
being given the awesome responsibility of protecting
lives and property from the devastating cffects of severe
convective weather.  Even though  technology  has
advanced tremendously, it cannot completely substititute
for a lack of forecasting expericnce. Too many warnings
arc issucd for severce convective phenomena that never
appear. Too many decistons are made solcly on the basis
of visual sightings relayed to the forecaster, or by basic
pattern and shape recognition such as a radar signature.
Too often, not enough thought 1s given (o the structure
and behavior of severe convective storms before making
cutical decisions that send people to their celtars. The
results are unrcliable warnings and loss of {aith in the
forecaster.

To help reduce the number of warnings issucd blindly,
the author developed an instructional program at the

Chanute AFB Tcchnical Training Center that teaches
forecaster students the dynamics of convective storms,
Step-by-step, students are taken {rom  basic parcel
stability, through basic convection, and finatly, to the
structure of severe convective storms. With this building
block approach, students leam how and why convective
storms develop and produce  destructive  phenomena.
When conlronted with forccasting and warning situa-
tions, these students are better prepared lor convective
activity; decisions arc based on logic rather than on
panic and reflex.

This report is intended 1o provide readers with a
similar foundation in convective scale dynamics. Tis lar
from comprchensive, but if the forecaster reads, under-
stands, and applics its contents, the result should be
improved ability Lo handle severe weather situations with
confidence. As we cnter the cra of Doppler radar, it
becomes cven more important to have a thorough
understanding of the structure and behavior of convective
storms. Doppler radar will provide forecasters with a far
more complex look at the thunderstorms than cver
belore. The three-dimensional views, vorlex signatures,
and velocity gradients will produce imagery that can be
used by knowlcdgeable operators (o give their custemers
what they need:  timely and accurate severe wcather
wamings, with [cwer false alanns.




CONVECTIVE THEORY

2.1 The Three Essentlals ior Convection. No
matter whether we  deal with ordinary  convective
showers or severe tornado-producing  thunderstorms,
three ingredients must be present in one (orm or another;
the ability to recognize them is the basis for forecasting
convective activity:

* a convectivelv unstable atmosphere
* a lonw-level moisture source for fuel

s atrigyering mechanism

2.2 Stability. The cvolution of deep convection and
thunderstorms has its basis in the parcel theory, a simple
expression of density ditferential which states that if a
parcel of air is warmer than its surroundings, it will risc:
under these conditions, the atmosphere is unstable. If the
parcel is cooler than s environment, it will sink: under
these  conditions, the atmosphere is  stable. FFor
simplicity. the parcel theory assumes that no exchange ol
heat or moisture takes place between the parcel and its
cnvironment.  The most practical way to illustrate the
parcel theory is to usec a Skew T, Log P diagram, a

simplificd version of which is shown in Figurc 2.1,

Figure 2.1 Thermodynamic Variables on the Skew T, Log P Diagram (from AWS/TR-79/006). Nolc how the
slopes of the dry and pseudo-adiabats (also called “saturation” or "moist” adiabats) vary with temperature. Note also

how temperature alfects the saturation mixing ratio.

[




A lificd parcel of air expands as pressure decreasces.
For an unsawratcd parcel, the expansion results in
cooling the parcel by about 10°C/Km. This is known as
the "dry adiabatic lapsc rate” (I" o)» and is represented by
the dry adiabats on the Skew T diagram. Note that I‘d

remains fairly constant frem high 1o low temperatres in
the lower atmosphere.  For a parcel to remain buoyant
and ascend Ireely, the environmental lapse rate (rc) must
be greater (that is, less vertical) than T’ 4 In this situation
(which is seldom found in the real world), the atmos-
phere is considered to be absolutely unstable, as shown
in Figure 2.2. Once a parcel has achicved buoyancy, it
will continue to rise as long as it remains warmer than its
environment.  This usually continucs up to the tropo-
pause, where the environmental lapse rate becomes
isothcrmal.

ABSOLUTELY UNSTABLE

\\ SOUNDING
\
“N\ORY ADIABAY
MOIST
ADIABAT

Figure 22 Environmental (Sounding) lapse Ratc
Greater Than Lapse Rates of Dry and Moist Adiabats
(from AWS/TR-79/006).

Once the parcel temperature cquals cnvironmental
tempcrature, cquilibrium is achicved. Except for some
overshooting due to momentum. the ascent ccases, aned
the mass that overshoots will cventually return 1o the
cquilibrium fevel (EL). The parcel, unfess subjected to
lifting (orces, cannot progress into the warmer air above
the EL because it would be colder (and therefore denser)
than its environment. The region above the EL would be
considered stable--sce Figure 2.3, The EL is where
convective clouds generally flatten out and  become
anvil-shaped. Whea momentum carries a parcel above
the EL, a cumuliform dome (or “"overshooting top")
extends above the anvil deck.

That region ol the atmosphere in which the air parcel
is warmer and more buoyant than its cnvironment is
called a "positive cnergy area” and is shown in Figure
2.4. The greater the temperature difference between the

parcel and its environment (Tp - Te), the greater the
positive cnergy arca and the faster the ascent.  Rising
parcels are referred to as "updralts. ”

\
No o\ STABLE
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~
'\\\\
\ DRY ADIABAT
SOUNDING \ ~
NOISY
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Figure 2.3 Environmental (Sounding) Lapse Rate Less
Than Lapse Rates of Dry and Moist Adiabats (from
AWS/TR-79/006).
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Figure 2.4 The Positive Energy Area. A buoyant air
parcel inside the positive cnergy arca rises from the
convective condensation level (CCL) until it reaches
equilibrium with its environment at the equilibrium level,
or EL.




2.3 Effects of Low-Level Moisture on Parcel
Stabllity. Aunospheric moisture contains a substantial
amount of Taent heat energy. When released. this energy
has a proncunced cffect on parcel buovancy,  As
moIsture content increases, so does the amount of latent
heat avaitable for release. The temperature of the air
mass has a dircet effect on its ability to hold moisture.
This can be seen ¢in Figare 2.0 by comparing the
Saaration mixing rattos (@t a constant pressure) for warm
and cold air. At 1,000 mb, air at 10°C can hold a
maximum of Kg/Kg, while air at 30°C can hold 2
maximum of 29¢/Kg.

When an unsaturated parcel of air containing moisture
ascends, s emperature decreases dry adiabaticatly unuil
it reaches saturation. 11 the parcel rises because of loreed
lif1, saturation occurs at the lifting condensation level, or
LCL. I the parcel rises because of heating from below,
saturation occurs at the convective condensation level, or
CCL. The LCL tor a surface parcel is always located m

or befow the CCL. Once saturation occurs., cither at the
LCL or CCL. the additional sensible heat given oll by
the condensation process datent heaty stows the cooling
rate ol the rising parcel. This new cooling rate estabishes
anew pnceudo-adiabatic Yapse rate, T

As already  mentioned, when the  atmosphere’™s
moisture content increases, so does the amount of fatent
head avaitable tor redease. Note (in Figare 2.1 that at
higher remperatures. the slopes ol the pseudo-adiabats
are much steeper that those of the dry adiabats (I <<I7 .
the direct result of the farge amount of latent heat
released during condensation. At lower temperatures,
much less ent bieai s available due 1o the low moisture
content, and the slopes of the pscudo-adiabats and dry
adiabats become newrly parallel. This relationship
contributes o the scasonality of thunderstorms, which
will be discussed later. The elfects of moisture content
of parcel stabiiity are shown in Figare 2.5

. VAR N R
P I S O A

- 4 '_ - . - v.' N
R I P R

- /,.(v\.«f v,
A

Figure 2.5 Convective Variables in a Dry Vs. Moist Air Mass.
same vertical profile, but with incrcased low-level moisture. Convective temperature is shown as T,
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"A" is a sounding in a dry air mass. "B” is the




First, consider the dry sounding profite on the left (A)
side of Figure 2.5, 1f the surface air mass has a dewpoint
of S0°F (10°C), the CCL will be at 683 mb. To reach
condensation by surface heating alone, the <urface (or
conveetive) emperature (T) would have 10 be 98°F
(37°Cy Note the weak positive energy arca from the
CCL to the EL at 270 mb, I fow-level moisture contens
were Lo increase, substantial changes would take plce.
as shown on the right (B) side.

The "B7 side of Figure 2.5 shows the same vertical
profile as "A." but with a surface dewpaint of 65°F
(18°C).  Because of the higher moisture content, the

CCL tat 820 mby is much lower.  Besides producing
lower cloud bases, the lower CCL allows convective
cloud formation with a much lower surface temperature
(in this case, 89°F/32°C), and greatly increases the
probability of convection.

In the moist case (side "B"). the positive energy arca
becomes enarmous compared to the "A” side: in fact. the
parcel-to-cnvironment temperature ditference at 300 mb
is ncarly three times larger! Parcels are far more buoyant
and ascend more rapidly.  Updraft speeds are much
greater, and the EL much higher. Convective clouds
build to greater vertical extents. With hgher updraft
speeds and momentum, parcels overshoot the EL far
more than in the dricr case shown in the "A" example
where, i upward motion were 1o be achieved by
mechanical litting, the LCL would be at 810 mb.

Parcel buoyancy is never reached in what would be
considered a “negative energy arca.” where the atmos-
phere is stable. But with the increased low-level
moisture shown in "B, parcel buoyancy is achieved at
720y mb--the level of free convection (LFC). Under these
conditions, the atmosphere s unstable:  hence, the
ceacept  of  conditional nstabulity (U < < )--sce

Figure 2.6,

If the environmental lapse rate falls off ¢ven more
slowly with height than the pscudo-adiabatic Tapse rate,
or cven if it increases with height as in an inversion. the
parcel could not achieve huoyancy under any condition.
This condition is relerred to as being absolutely swable

<.
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Figure 2.6 Invironmental (Sounding) Lapse Rate Less
Than Lapse Rate of Dry Adiabat, but Greater than
Lapse Rate of Moist Adiabat (from AWS/TR-79/006).

The real atmosphere,  however, setdom behaves
according to parcel theory.  Not every cumulus cloud
becomes a thunderstorm, even though s vertical profile
may be conditionally unstable o great heights. Parcels
actually undergo heat exchange and mix  with dricr
cnviromental air through a process known as entraim-
ment. This eftect, greatest at the periphery of clouds
results in evaporation that causes parcels 10 cool ai
faster rate than that suggested by parcel theory.

Figure 2.7 shows the dificrence between parcel theor
and reality. The most obvious {eature in the example i~
the lower cloud top, the result of the carly anamment o!
cquilibrium common with small parcels. This is observa-
tionally sound: cumulus and towering cumulus predom-
mate on thundersiorm days.

Most studies. however, show that cumulus actualh
consists of vanously developed and cvolving larger
parcels. or "buoyant plumes.”  These  plumes  are
variously  exposed 1o and penctrated by entraining
cenvironmental air. The inner plumes, or cloud cores, are
more protected from entrainment.  As they continually
push to greater and greater heights, they condition the air
above with warmer and moister air. - This oventually
allows the core plumes 1o rise high enough o produce a
thunderstorm.  The answer te what determines whether
or not a thunderstorm will develop, however, 15 not 4
stimpie nrocess, but some possibilitics wilh be examined
later,

For a more complete discussion of  atmospheri
mstabitity, sce AWS/TRT9/006 iRcvisedy,
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Figure 2.7 Theoretical Vs. Actual Parcel Ascent.

The dashed line represents the parccl

theory ascent, whilc the dotted line represents the actual case. A small parcel loses heat o
the environment during its ascent. The result is a larger I'_and a lower EL.

2.4  Winter Convection. Thunderstorms arc much
less Irequent in cold than in warm scasons. This is casy
to understand when we apply the convective principles
just discussed. Even at saturation, cold polar air masscs

cannot hold much moisture. This limits the amount of

tatent heat available for release into a rising parcel, and
only a small reduction in the cooling rate results. The
result is a pscudo-adiabatic lapse rate only slightly less
than the dry adiabatic rate.

But winter thunderstorms do occur, and probably
more often than many metcorologists rcalize. The key to
wintcrtime thunderstorm formation is penctration of the
-20°C isotherm aloft. Empirical evidence, supported by
recent rescarch, indicates that convection must exceed
this level 10 create an clectrical charge strong cnough to
produce lightning.

6

Thrce synoptic conditions favor winter thunderstorms;
they are: (1) strong dynamic weather systems with an
active warm scctor that contains maritime tropical (inT)
air; (2) very cold air passing over much warmer water
such as the Great Lakes of North America. and (3) deep,
very intense cold-core cyclones.

Strong dynamic systems that pull mT air into the
warin sector of a cyclone overrunning the warm front arc
cxccllent wintertime thunderstorm gencrators.  Although
the mT air is sulficiently unstable, it is usually aloft and
not cvident at the surface, which is still cold. As a result.
thunderstorms arc usually confincd to the region just
north of the warm frontal boundary. If the thunderstonm
precipitation is snow, very large accumulations can occur
in 2 short period of time,




Very cold air passing over warm water produces
strong and extensive convection that can develop into
thunderstorms. Even though the invading air mass itself
is stable, the lowest layer becomes unstable when heated
through contact with the warm walter,  Ncar-super-
adiabatic lapsc rates are produced by the combination of
warm moist surface air and the bitterly cold air above it.
The result is shallow (usuaily less than 10,000 fect deep)
but vigorous convection. Heavy snowshowers frequently
result, but “ightning is rarc.  Electrical discharges have
been triggered, however, when aircralt  penctrate
convective clouds.  This type of activity is common
along the lcc shores of the Great Lakes, where it is
referred 10 as a lake-effect snowshower.”  These
showers arc the primary cause of the Great Lakes fee side
“snow belts.”

The third condition that favors the formation of winter
thunderstorms  is  the  slow-moving, intense, well-
developed upper-level cyclone.  Such systems always

have a deep pool of very cold air surrounding the center
and cxtending to the tropopause.  These sysicms,
normally behind the surface front, arc capable of
producing diurnal thundcrstorms, occasionally accom-
panicd by small hail, damaging winds, and cven cold air
tornadocs.  Such sysicms arc normally found over and
along the western coasts of temperate zones--notably the
United States and Europe--but they can occur inland, as
well.  Convection can be surprisingly deep--somcetimes
exceeding 30,000 fect MSL.

Figure 2.8 is an example of a wintertime, mid-latitude
sounding profile. Mid-latitude winter is characterized by
bricl solar days with low angles of insolation, rcsulting in
far lcss surface heating than in summer. When com-
bincd with the high albedo of  snow cover, it is highly
unlikely that surface heating can produce cnough thermal
lilt 10 reach condensation (T, ). Therefore, some form of
mechanical 1ift or other strong dynamic influcnce is
required Lo produce convection.

v/

A N X
T 750 X
— o CNRN X N
7 N N AT

e e
B e S e e S R e -
A e Nl W)

—— e

o A—

SN LT T e T T N T Tyl LT L

s | QO e S

gt

e e e

Figure 2.8 A Wintertime Mid-latitude Sounding. The lack of moisture in a winter air mass limits
the amount of laient heat available for release and cffectively prevents a parcel from achicving
buoyancy. The parcel temperature remains cooler than the environment through its entire ascent. i
will ncver achicve huoyancy even though the low-level air mass is relatively moist. Mechanical
(fromal, orographic) or dynamic (upper-level divergence) lifting processes are the only means elt to
provide the needed upward motion. The vertical speeds here are usually much less and occur over a
much wider arca than convective updrafts, resulting in lghter and more unilform preciptation,




THE THUNDERSTORM

3.1 Evolutionary Stages. With a basic understand-
ing ol parcel stability, we can now discuss the evolution
of the most dramatic convective event--the thunderstorm,
Early rescarchers (Byers and Braham, 1949) laid the
foundation for the study of thunderstorm structure and
development by classifying them into three different
categorics, or stages of evolution: these are the cumudus.
mature, and dissipating stages.  Each is shown and
discussed below.

The cumulus stage shown in Figure 3.1 is marked by
the formation of the first convective cloud. With its base
at or slightly above the CCL. the cloud is dominated by
the updraft as it grows toward its equilibrium level. As
morce and morc low-level moisture is pumped into the
growing cumulus, relatively large liquid hydrometeors
begin 10 form in its upper regions.  (The term
hvdrometeor is used 10 describe any product of conden-
satton or sublimation of atmospheric water vapor (liquid
or solid) that may or may not fall out as precipiiation.)
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Figure 3.1 The Cumulus Stage of Thunderstorm
Development.  Updrafts prevail as large hydrometeors
form in the upper portions of the cloud (Doswell, 1985).

From the outside, the cloud 1op may scem o lose
definition as the cloud droplets turn o ice crystals. This
process (glaciation) appears 10 correlate well with the
formation of precipitation. A radar echo aloft should
now begin to appear.  The updraft continucs to hold 1he
prospective  precipitation  aloft until it accumulates
bevond the point at which its weight can be supported. It
then falls against the updraft and begins 10 create 2
downdralt duc to frictional drag. When the precipitation
reaches the surface. the second, or matre, stage has
begun.

The mature stage is the most active and violent,  As
shown in Fieure 3.2, updralts and downdrafts coexist in
the same cell. The cloud reaches its maximum vertical
cxtent. flatening out into the familiar anvil at the
cquilibrium level. Carried by the winds at that level, the
anvil usually clongates downstrcam.  Although heavy
precipitation is common, it may not reach the surluce in

extremely arid regions.
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Figure 3.2 The Mature Stage of the Thunderstorm,
Falling hydromeleors create the downdraft.  Tops rcach
the EL and assume the anvil shape. (Doswcll, 1985).




An apparent by-product of the precipitation process is
thunder and lightning.  There seems (0 be a direct
correlation between lightning frequency and rainlall rate.
Figure 3.3 shows this relationship, using radar reflec-
tivity 1o represent rainfall rate.
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Figure 3.3 Relationship Between Cloud-to-Ground
Lightning and Radar Reflectivity (Log 7). The occur-
renee of cloud-to-ground lightning increascs with rainfall
rate (From Kinzcer, 1972).

As mentioned carlier, precipitation drag is the
primary downdralt mechanism. Although it would scem

that the hcavier the precipitation, the stronger the
downdraft, this is not always so. In arid regions, violent
downdrafits from clouds with high bases arc common, but
there is very little precipitation at the surface.  An
important factor here is the presence of dry air in the
thunderstorm environment. I dry air enters the convee-
tive cloud (gencrally by cntrainment), cvaporation of
cloud droplets takes place, with a corresponding drop in
temperature.  This increasces the density of the air and
gives it a tendency to sink. This process is thought to be
a signilicant downdraft enhancement mechanism in
nearly all thunderstorms. It requires a delicate balance,
because too much dry air would completely evaporate
the cloud.

Another effect of dry air entrainment is the de-
stabilization ol thc immediate cloud environment from
cvaporative cooling at the cloud’s edge. When this
occurs in the storm’s mid-levels, the rising parccls sense
a cooler surrounding cnvironment and ascend faster,
Pioncer severc weather forecasters (Fawbush, ct al.,
1951) recognized the importance of dry air (o the severe
storm, and incorporated the analysis of dry air regions
into severe weather forccasting routines. 1t is still widely
uscd today.

When the downdraft reaches the surface, il spreads
out horizontally as a ncw air mass--sce Figure 3.4, The
leading edge of this outflowing air is known as the "gust
front,” or "outflow boundary." Surfacc winds shift
drastically with the passage of a gust front; they can
attain damaging speeds, depending on the strength of the
downdraft. Aircraft are particularly vulnerable to these
windshifts.  Hecadwinds change into crosswinds or
tailwinds in scconds o produce the deadly phenomenon
known as "low-level wind shear.”  But people on the
ground often welcome a gust (ront as the [resh and cool
pre-thunderstorm breeze that replaces warm and muggy
tropical air.
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Figure 3.4 Thunderstorm OQutflow and the
Downdrafts arc identificd by "DWD," updrafts by

The updraft continues to hold hydrometeors aloft. fce
crystals  suspended ncar the melting level  alternate
between freezing and melting, accumulating a water
coating as thcy move up and down in and around the
updraft core. The result is a hailstone, which continues
o grow until it is too heavy to be supported by the
updrafi.  The stronger the updraft, the larger the
hailstonc.  Once a hailstone [alls below the freezing
fevel, it begins to melt. It continues to melt until it
rcaches the surface, unless it melts completely first. The
height of the melting/(reezing Ievel s near the 0°
isotherm; the height of the wet-bulb zcro, therelore, is
significant in determining the size ol a hailstone at the
surface. Miller (1972) reported that a wet-bulb freezing
level (wet-bulb zero) of 7,000-9.000 feet AGL is the
optimum height for producing large hail at the surface.
Although a lower wet-bulb freczing level may be
favorablc for hailstonc survival, it may not be favorable
for thunderstorm development because the air mass

Formation of the Gust Front (Fujita, 1955).

"UwD."

would be too cold. In tropical regions, where the
wet-bulb-zero is relatively high, surface hail reports are
rare. For aviation, iU's important o remcmber that hail
can, and probably will, be encountered aloft even when it
is not obscrved at the surface,

Another product of updrafti-downdraft intcraction is
turbulence.  Many aircraft have been destroyed during
attempts 10 penctrate  thunderstorms.  Even small
thunderstorms, as observed from the surlace, arc capable
of severe to extreme turbulence.  Expect at least severe
turbulence in and ncar any thunderstorm ccll.

The formation of the downdraft, which marked the
beginning of the mature stage, also signals the dissipar-
ing slage, which actually begins when the updraft
collapscs. With gravity on its side, the downdraft soon
dominates. Outllow air cventually cuts off the inflow of
warm, moist air into the storm. With the moist inllow

10




cut off and the updraft weakened, the precipitation
process begins to shut down. Without a strong updraft,
large hydrometcors can no longer form, leaving only
light rain or drizzle and gencralty light winds at the
surface.  Although violent elecurical activity usually
ceases, the cloud can retain a charge and remain a hazard
to aircraft for some time.
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DISSIPATING STAGE

Figure 3.5 The Dissipating Stage of the Thunderstorm.
With the updralt cut ofl, precipitation diminishes. Weak
downdrafis prevail. (Doswecll, 1985)

With subsidence  prevailing, the cloud-forming
process stops. The giant cumulonimbus begins to stratify
into layered clouds and is cventually torn apart by the
winds aloft. Eventually, all that remains is a paich of
middle and high clouds that satellite metcorologists refcr
1o as "convective debris.” At the surface, a large bubble
of rain-cooled outflow air is left behind. Even though it
is rclatively stable, this bubble can play a role in [uture
thunderstorm  development duc o convergence  and
lifting along its boundaries. The life cycle of a typical
thunderstorm celf can be completed in as litle as 30
minulcs.
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OUTFLOW BOUNDARY

Figure 3.6 The Remains of a Decayed Thunderstorm.
The "bubble high” of outflow air remains for some time.
New convection frequently forms [rom the lifting along
the old outflow boundary, or gust lront.

3.2 Air Mass Thunderstorms. As (hc name
implics, this type of thunderstorm forms within a
retatively homogencous air mass (usually mT) with little
or no synoptic scale featurcs such as [ronts or upper
troughs. Although it had been thought for years that air
mass thunderstorms occur at random, with no apparent
triggering mcchanism other than surface heating, recent
studics (Purdom, 1979) show that air mass thunderstorm
development is actually organized and predictable.
Although surface hcating is an important mechanism, it
appears that low-level convergence is most imporant in
determining where deep convection will begin.  Low-
level convergence can result from outflow boundary
intcraction, tcrrain irrcgularitics, or sca/lake  breeze
fronts, to name just a few causes.

The air mass thunderstorm fits the three-stage modcl
just discussed very well, Its lifespan is gencrally lcss
than an hour, but the regeneration of new cclls olien
gives the impression that it fasts longer.  Sincc surface
heating is a triggering  mechanism, air  mass
thunderstorms arc almost exclusively a late afternoon
phenomenon;  they are rare late at night or in carly
morning.  Air mass thunderstorms prefer decp summer
when the low-level moisture content is high.  Winds
aloft, generally very weak, prevent cells from moving
appreciabie distances, and many cclis remain stationary
throughout their life cycle.  The high moisture
availability, combined with lack of movement, can result
in locally heavy rainfall, common throughout the
southcastern U.S.




Air mass thunderstorms rarely last long cnough (o
develop the power required for scvere weather produc-
tion. Large hail, for cxample, requires a powertul and
persistent updraft for its formation. The high (reezing
level common 10 air mass thunderstorm development
also helps keep hail from reaching the ground. Damag-
ing winds and tornadocs usually require the strong
dynamic influences ol jet strcam winds, typically abscnt
in air mass thunderstorm development.

3.3 Frontal Thunderstorms. Thunderstorms that
form with synoptic-scale frontal systems arc generally
more violent than air mass types. The strong mechanical
lifting associated with advancing fronts, cspecially cold
fronts, provides a strong boost to updraft strength and
helps sustain it over longer periods of time. As a result,
frontal thundcerstorms generally last longer than air mass
types, averaging 1-3 hours. The presence of winds aloft
abovc a frontal system, combined with the movement of
the front itsclf, results in substantial movement of
thunderstorm cells.  Frontal thunderstorms  {requently

form in bands or tines paralicl to the front, as opposcd to
the isolated cells or clusters common o air mass
thunderstorms.  Frontal lifting, which undergoes little
diurnal variation, allows these thunderstorms o form day
or night. but they favor late afternoon and carly evening
duc to the additional support from surface heating. It is
during these late alternoon and carly evening hours that
severe weather events are most common.

Fast moving cold fronts usually produce the most
violent thunderstorms.  If these (ronts move into an
unstable air mass, thunderstorms may form rapidly into a
squall line. A prefrontal squall line may form if
conditions arc favorable ahcad of the front.

As the squall line builds vertically, the stronger
upper-level winds influence cell movement and (re-
quently cause the squall line to outrun the surface front.
The squall line can conlinue 10 support itsclf by gener-
ating new cells along its advancing gust front, as shown
in Figure 3.7.
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Figure 3.7 Gust Front Diagram. The gust (ront, created by the advancing outllow, provides a lifting mechanism
to generate new thunderstorm activity ahead of the advancing squall linc.

As the squall linc moves away, a large bubble of
ouulow air (a mesohigh) is left in its wake, often
masking the location of the actual front. This can lead
forccasters 10 belicve that frontal passage has occurred

with squall linc passage. This can be a fatal mistake,
because warm, moist air may crecp back in behind the
bubble high, with a new squall tinc {~rming as the truc
(ront again disturbs the unstable air mass (Figure 3.8).




Figure 3.8 Formation of a New Squall Line. In "A," the squall line moves away (rom the front, leaving a
large bubblc of rain-cooled air in its wake. If, as in "B," the squall linc moves (ar cnough ahcad, unstable air
may creep in behind the outflow air and result in the formation of a new squall line. Isodrosothcrms are

dashed, isobars are solid.

Thunderstorms  that form  with slow-moving cold
fronts arc usually mild compared to those formed from
fast-moving cold {ronts. Since the perpendicular wind
component decreases with height, the prefrontal air mass
is lilked up and over the front.  This results in

thunderstorm activity to the rear of the surface {rontal
boundary, as shown in Figurc 3.9. Thunderstorms arc
normally cmbedded in stratiform  precipitation,  and
significant downrush winds are rare. Cells move parallel
to the front with the upper-level winds.

y
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Figure 3.9 An Overrunning Cold Front. The overrunning naturc of the slow-moving cold front produces
thunderstorm activity to the rear il the air mass being lifted is unstable. Wind plots represent vertical wind

profilcs at the points indicated.




Warm (and stationary) [rontal thundersiorms  are
similar to slow-moving cold fromal thunderstorms. The
slope of the warm f{ront is much shallowcr than that of
the cold front, and lilting is very gradual. Since parcels
ascend slower, their temperatures have more time (o
modify; buoyancy, therclore, may ncver be  achicved,
cven if the overrunning air mass is unstable.  This
condition is lavorable for stratiform precipitation. To
produce thunderstorms in this situation, thc  unstable
overrunning air usually must be forced into the warm
frontal zonc by strong [low, such as the low-level jet
shown in Figure 3.10. In addition, the low-level jet also
plays a significant role in destabilizing the warm sector
due 10 low-level moisture and temperature advection,

Warm frontal thunderstorms
produccrs of scvere weather.  But don’t confuse warm
frontal thunderstorms with those that form at the
interscction of another boundary and the warm front. In
midsummecr, warm {ronts can casily trigger thunderstorm
activity becausc the air mass is so unstable that even the
slightest lifting is cnough. Warm fronts arc usually so
wcak this lime of year that thcy occasionally escape
detection.

arc  not f{requent
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Figure 3.10 Loaw-Level Jet Forces Unstable Air into
the Warm Frontal Zone. Warm [romal thunderstorms
arc generally cmbedded in stratiform  precipitation.
Strong low-ievel winds help force the unstable air high
cnough to rcach the LFC.




3.4 Orographic Thunderstorms. Terrain barricrs
are capablc ol providing lift that far exceeds that of any
frontal system. As an examplc, compare the slope of the
Rocky Mountains 0 that of the typical cold front.
Although the result of orographic lifting is usually
stratiform precipitation, thunderstorms may develop in
an unstable air mass.  Orographic thunderstorms ar¢
particularly  successful  at  producing  very  strong
downrush winds, especially in the western U.S., where
dry air is often available for cntrainment into the storm.
Terrain itsell can be a significant factor, since the
downrush is cssentially directed downslope duc to
gravity--scc Figurc 3.11. Channelling or funnclling ol
downrush winds into canyons or valleys can increase
wind speeds dramatically.

afternoon visible satellite imagery. If upper-level winds
arc strong enough, these storms move of [ the mountains
and over adjacent arcas.
highly diurnal.

This type of convection is

SURFACE ANALYSIS

Figure 3.11 Thunderstorm Formed Over Mountains.
When thunderstorms form over mountain slopes, the
outllow is dirccted downslope. The additional force of
gravily can producc violent winds.

Whenever moist low-level flow is directed into a
substantial terrain barricr, condensation results when the
low-level air flows far enough upslope to reach the LCL.
Free convection takes place when the air is forced to the
LFC. The terrain barricr only provides the triggering
mechanism--the same basic ingredients ( instability and
moisture) as for any thunderstorm are also reguired--sce
Figurc 3.12.

Differential surface heating can also provide a urigger.
On a calim, clear day, mountain tops get dircct solar
heating before the valleys.  When the air is heated, a
slight hydrostatic imbalance is created, resulting in weak
flow up the mountain sides (the vatley breeze). Upslope
flows rom both sides converge at the peak and upward
motion continucs. If the air is unstable, thunderstorms
form over peaks and ridges, as shown in Figure 3.13.
This clfcet can be seen by comparing morning and

2!('.'!1' 18JUNT 06

Figure 3.12 Synoptic-Scale Easterly Flow into the
Rockies Results in Significant Orographic Lift. In this
casc, flow behind the from  produced  severe
thunderstorms along the castern slopes of the Rockics
(Doswell, 1982).

Figure 3.13 Differential Heating on Mountain Tops
Results in Valley Breezes Converging at the Peaks. 1f
the air is unstable, thunderstorms frequently result,
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THE SEVERE THUNDERSTORM

4.1 General. Scvere thunderstorms are differemt
creatures than their ordinary, "garden varicty” counter-
parts.  Although all thunderstorms have similar life
cycles, certain conditions must be met before  they
become producers of severe weather.  Forecasters must
be familiar with these conditions before they attempt o0
decide whether or not the situation at hand will produce
severe thunderstorms, or just general convective activity,

Any thunderstorm is usually capable of producing a
brict "onc-shot” cpisode of scvere weather.  With the
exception of the "pulse storm™ described in 4.5, this
section  will discuss the organized and  persistent
thunderstorms  that  produce  pessisient or - recurring
cpisodes of severe weather,  Excluding the effects of
lightning, these storms produce nearly all thunderstorm-
related damage, injury, and death.

4.2 Multicell Severe Thunderstorms. The first
requircment for a thunderstorm  to  achieve  severe
potential is the degree of instability that will allow the
formation of a more powerful updraft. By itsell, this is

not ¢cnough to produce a severe thunderstorm, at lcast not
onc that lasts for very long. The cell must be allowed (o
survive long cnough 1o produce and sustain severe
weather.  The premature death ol a thunderstorm s
usually caused by updraft coflapse due o downdralt
interaction.

To keep a storm alive, the updralt must remain active
and unimpeded.  Hydrometcors (water droplets and
frozen particles) forming in the middle and  upper
portions of the updratt core must not fall back through
the updratt. 11 strong mid-level winds are present at
20000 to 30,000 feet. they carry the hydrometeors so far
downstream that they do not fall into the updralt. A
downdraft (completely separate from the updraft) lorms
in conjunction with the precipitation in the forward
portion of the storm, as shown in Figure 4.1, In addition
Lo being cleared of obstructions, the updraft intensilics
hencath mid-level winds as it draws mass from below
through an action similar to the suction clfect of a paint
spraycr.

Figure 4.1 Strong Winds Aloft Carry Precipitation Downstream. A downdralt is created in the
forward flank of the storm where it docs not interfere with the updraft. Dashed lines represent radar

reflectivity.




With the updralt incrcasing in intensity, the storm
grows larger. The momentum of the high-specd updraf
carrics mass lar above the EL (sometimes by several
thousand fcet), resulting in a cumuliform dome that
overshoots the cirrus anvil deck. At lower levcls, the
inflow is blocked from cntering at the front of the storm

by the rainy downdraft and its associated outllow. The
presence of southerly low-level winds results in the
stonn drawing air from its right flank. This allows the
swelling cell to take advantage of the warm, moist flow
that can help force the updraft from below--sce Figure
4.2,

Updraft ——,. A

Forward Flank
, &+ Downdraft

Cell Movement

>

S

\

Outfiow
Boundary

Figure 4.2 Bubble of Qutflow Air Blocks Inflow from Front of Storm. Low-lcvel flow lorce-lceds

the storm from its right Mank.

Because it is dynamically supported from above and
below, the updraft is strong cnough to push the
hydrometcors up and out of its way. This crcates a
cavity on the right flank of the storm (relative to storm
motion) that is observable on radar as a "weak ccho

region,” or WER. Figure 4.3 shows typical development
ol a multiccllular thunderstorm complex. Notice (in
Figure 4.3¢) how the mid-level echo overhangs the
WER on the right {lank.

Height (km)

Figure 4.3a A Multicellular Thunderstorm Complex. Dcveloping cells 1, 11, 111, and 1V
arc shown from right to left. Updrafts and downdrafis arc shown by the flow lincs. Dashed
lincs represent radar reflectivity (From Doswell, 1985).
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Height (km)

Figure 4.3b A Multicellular Thunderstorm Complex Plus 10 Minutes.. The cclls in 4.3a
are shown here 10 minutes later. Updrafts and downdrafts are shown by the flow lines.
Dashed lines represent radar rellectivity (From Doswell, 198S),

Height (km)

Figure 4.3¢ A Multicellular Thunderstorm Complex Plus 20 Minutes.. Updrafls and
downdrafts are shown by the flow lines. Dashed fincs represent radar reflectivity. Nolte the

presence of the WER. (From Doswell, 1985).

When the updralt reaches the intensity shown in
Figure 4.3¢, it is capable of producing  3/4-inch
hailstones.  The largest hail will fall just to the left and
downstream of the updralt core, relative to storm motion.
The largest stones will alt out (or through) the updralt
first, while the smaller ones are  carricd  farther
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downstrecam by the strong winds aloft.  Contrary 10
popular beliel, the largest hail rarcly falls in the heaviest
radar ccho region or arca of heaviest precipitation, but
near the inflow edge of the low-level radar echo. Figure
4.4 shows typical hail distribution.




\
]
! 1. Large hail
! 2. Small hail
/ 3. Heavy rain
/ 4. Light rain
/

P \
/ Mid-level

Cell Movement

Radar Echo

Figure 4.4 Precipitation Distribution in a Multicellular Thunderstorm. The solid oval
represents the low-level radar echo: the larger dashed oval, the mid-level radar echo. The
circled "X is the maximum ccho top. or updraft core. Precipitation distribution arcas are

as indicated.

When the outtlow from the rainy downdraft pushes
against the inflow on the right flank, low-level conver-
gence and ifting occurs. This is a favored location tor
new cell development. Often, a tine of increasingly
larger cumulus towers are observed building into the
right flank of the storm. These flanking line cells
cventually merge with the parent thunderstorm cell, as
was shown in Figure 4.3, When new cells continue 1o
form on the right lank and develop into mature storms,

they give the impression that the storm s travelling
somewhat to the right of its expected path--see Figure
4.5, This cffect tredevelopment or propagation) has fong
been considered a radar indication of possible severe
weather, Individual cells generally move with the winds
aloft. As older cefls move downstream, newer ones tike
their place. The result is that there is always more than
one cell in existence at a time in the storm complex--
henee. the mufticel! severe thunderstorm,

Propagation

Figure 4.5 Radar View of New Cell Regeneration in a Multicell Complex. Ncw cells
form on the right fTank, move through the complex, and dissipate on the left flank. This
gives the impression that the complex is moving to the right.




4.3 Supercell Thunderstorms. [f the aimosphere is
extremely unstable and the wind configuration favorable,
the updratt can intensify still further. The ideal situation
would be Tor winds to increase and veer with height. We
have atready seen (in 4.2) the cffect strong winds alolt
have on sustaining the updraft. A strongly sheared wind
environment also contributes o separating the updralt
and downdratt and to streigthening the storm.
southerly winds at the lower levels and westerly winds at
higher levels, strong differential thermal advection takes
place. Southerly winds transport warm moist air into the
lower storm eovironment, while westerly winds transport
cooler. and often drier. air aloft. This kind of diflerential
advection serves o further destabilize the environment
while maintaining the unstable conditions,  Investiga-
tions by Marwitz (1972) and Doswell and Lemon (1979)
show that pronounced  veering (50 degrees) in the
subcloud laver (surlace to cloud basey appears (0 he
critical Tor creating a supereetl from a multicell system.,
They also found that supercell subcloud wind speeds
were higher tat 10 m/sec) than the 8 my/see found in
multicell systems. Marwitz concluded that the condi-
tions essential to supercell formation were veering winds
with height and 10 m/sec wind speeds in the subcloud
layer. The dynamic reasoming for this is clusive, but itis
conceivabie that the strong subcloud winds act to force
the updratt by ramming warm, moist air in‘o the inflow
Hank of the storm.  The reader is dirccted to the
numerical modeling effons of Weisman and - Klemp
(19%6), which graphically illustratc the cffects of
different vertical  wind  profiles  on convective-scale
development.

As the updraft intensifies further, it becomes more
upright than in lesser thunderstorms because it is now
strong cnough 1o overcome the shearing effects of
upper-level winds, So much mass is carried aloft by the
updraft that i diverges rapidly at the EL. often causing
the anvil to grow rapidly in all directions, even upstream
against the upper-level winds.  This creates a sharp,
backshcared (upwind) anvil cdge that is casily recog-
nizable in satellite imagery.  To compensate for all the
mass being foreed aloft. subsidence takes place outside
the cloud, resufting in the suppression ol surrounding
convective activity,  Any nearby convective cells are
cventually obliterated as the dominant cell starves them
of their warm, moist air o feed s own voracious

With.

updralt. The result is one powerful cell in control of its
cavironment--the supercell.  Because of the dynamic
support that the updraft receives and the  constamt
resupply of unstable air, a supercell can persist lor
several hours.,

The intense updraft causes a change in the configura-
tion of the WER. Because of the high speeds. precipita-
tion forms higher within the updralt and results in the
creation of a cavity in the mid-level radar echo overhang.
The WER now extends into the mid-level overhang,
creating what is known as a “hbounded weak ccho
region,” or BWER--see Figures 4.6a. and b, The updralt
region is “bounded” by higher radar returns and s
indicative of a vory strong updraft. - An updraft of this
magnitude can produce cven larger hailstones than a
multicell updraft. and the “steadicr state™ of the supereell
results in a longer hail swath at the surface. The location
of the largest-hailtall is similar 10 the multicell case
shown in Figure 4.4,

STORM MOTION

26,000 ft
(8.0 km)

10 km

20

Figure 4.6a  Horizomtal (PPI) Radar View of a
Supercell.  Solid lines represent low-level retlectivity,
while dashed lines represent the extent of the mid-level
ccho. Solid lines indicate the planc of the cross-section
in Figure 4.6b (From Lemon, 1980).
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Figure 4.6b Vertical (RHI) Radar View of a Supercell. Dashed lines represent rellee-

tivity (From Lemon, 1980),

The wupdrafts in supercell  thunderstorms  almost
always rotatc about a vertical axis. The source of
rotation is still debated, but the most popular theory
involves the tilting of vorticity ficlds, a principle
illustrated in Figurc 4.7. Along the outflow boundary,
strong anticyclonic shear is produced between inflow and
outflow. The horizontal roll cloud that often forms ahcad
of strong thunderstorms is vivid evidence that this shear
exists. Along the right Nank of the thunderstorm cell,
some of this shear may be drawn into the intense updraft.

When the anticyclonic vorticity field is tilted upward, it
is oriented about a vertical axis and, il vicwed from
above, is cyclonic. The updraft is then induced to rotate
cyclonically about a vertical axis and, if stretched in the
vertical, rotates faster. The rotating updrafl is referred o
as the mesocyclone in its "organizing stage.” This
scenario is quite possible, without the presence of an
outllow boundary, in arcas where wind speeds increase
rapidly above the surface (o produce vertical speed shear.,

€~—.__ Cycionic
(Verticat)

intlow

Outflow

Anticyclonic

(Horizontal)

\ Right tlank gust front

g

Figure 4.7 Three-Dimensional Representation of the Right Flank Outflow Boundary (Gust
Front). Vcrtical shear along the boundary interface results in anticyclonic vorticity about a horizon-
tal axis. The vpdraft entrains this air, tilting it upward. The vorticity is ransformed 1o cyclonic about
a vertical axis, inducing the updraft to rotate cyclonically.
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The rotation of the updraft has a pronounced cffect on
the structure and behavior of a supercell. The circulation
pulls precipitation around the backsidc of the updraft
core, creating a pendant-like protrusion on the right rear
quadrant of the low-level radar echo--sce Figure 4.8.

The strong swirling inflow draws warm and moist
surface air upward, resulting in a lower condensation
level (and therefore a lower cloud base) where the inflow
(updraft) cnters the cloud base. This feature, known as a
"wall cloud,” frequently shows rotation. At this stage,
the updraft is at its maximum strength. The storm top is
at its highest extent, directly over the updraft corc. Hail
is at its fargest, falling to the left and somewhat ahead of
the wall cloud--see Figure 4.9. Funncl clouds are
common, and weak tornadoes may touch down briefly.

LOW-LEVEL RADAR ECHO

N\

ROTATING UPDRAFT

Figure 4.8 Rotating Updraft in Right Rear Flank
Deforms Low-Level Radar EEcho into Pendant Shape.

an

/Overshooting Top

Flanking
Line

Wall Cloud / L‘arge
Hail

—t

Figure 4.9 Vertical Cross-Section of an Adult Supercell. Notc the location of the wall cloud with respect to the
updraft and the BWER. Largest hail characteristically falls 1o the left of the wall cloud (relative (0 storm motion) on
or ncar the reflectivity gradient.  Funnel clouds arc common with the wall cloud. Stippled arcas represent radar

reflectivity, fooking west.

In the mid-levels of the storm, the rotating updraft
clfectively obstructs horizontal wind flow. As the winds
split around the rotating updraft core, they converge with
the circulation on the lcft side, resulting in a mass
buildup and a subscquent pressure excess o the left of
the updraft core. On the right side, they travel with cach
other, resulting in a relative pressure deficit. In order to
corrcct the pressurc imbalance, the updraft core is forced

22

1o shift to the right, toward lower pressure. Where the
updraft gocs, the storm must follow. The result is a
supercell that deviates to the right of the mean upper-
icvel wind flow, as shown in Figure 4.10. This principle
ol fluid dynamics is termed the "Magnus Effect” (Fujita,
1965). It offers onc cxplanation for the deviant move-
ment of supercells.




—Pressure excess

Core = ~ Path
N
N

' \
\ T2 ¢— Pressure deficit

Figure 4.10 A Supercell Deviates to the Right of Mean
Upper-Level Flow. As upper flow splits around the
rotating updraft, a pressure imbalance is created.  This
forces the updraft core to deviate to the right of the
original path (dashed arrow) and causcs the storm to
move to the right of the upper winds.

Pressurc increases under the upwind cdge of the anvil
when strong mid-level flow piles up against the rear ol a
rotating updralt core.  As the mass increascs, subsidence
begins. The subsidence is enhanced by the cvaporational
cooling that takes place when drier mid-level air erodes
the backside of the storm cloud. Subsidence tends (o
channel mid-level flow downward, creating a dynamic
downdraft in the rcar of the storm, as shown in Figurc
4.11a. This "rcar flank downdralt” (RFD) is in addition
to a precipitation-induced "forward flank downdraft”
(FFD).

As the RFD intensifics, it begins to deform the
updraft, and a cyclonic shear zone forms at the updra(V
RFD interface in the middie fevels of the storm--see
Figure 4.11b. At this stage, th¢ mesocyclone cenler
moves near the interface and is divided between the
updraft and the RFD. It’s usually evident in the radial
velocity display of Doppler radar as a tight positive/
negalive velocity gradicent.

Rear flonk
Downdraft

Forward flank
Downdroft

Surface
Flow

Figure 4.11a Three-Dimensional Airflow Schematic in a Supercell--Initiation of RFD.
The initiation of the RFD is shown as the mid-lcvel winds converge against the intense
updraftcore  (From Lemon and Doswell, 1979).
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Figure 4.11b Three-Dimensional Airflow Schematic in a Supercell--RI'D Reaches the Surface.
The RFD rcaches the surface and spreads out as a new air mass. The interaction of the updraft and
RFD creates a circulation center in the mid levels (mesocyclone) (from Lemon and Doswell, 1979),

As the RFD gains strength, the mesocyclone (now in
its mature stage) cxtends through a deep layer as it is
stretched downward.  The vertical stretching results in
turther intensification and a decrcase in diameter, This
small, intense velocity gradient is called the "tornado
vortex signature,” or TVS. As the RFD rcaches the

surface and spreads out and around the right side of the
updralt (the updralt circulation offers the least resistance
on its right side), the RFD air advances castward as a
new gust front--sce Figure 4.11c . The mesocyclonic
circulation is pulled down by the RFD until it reachces the
surface as a tornado.

Figure 4.11c Three-Dimensional Airflow Schematic in a Supercell--The RFD Strengthens. As
the RFD strengthens, the mesocyclone is pulled down 1o the surface where a tornado develops in the
shear zone between inflow and outflow (from Lemon and Doswell, 1979).
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As the RFD continues to spread, the low-level
pendant is deformed into the more familiar hook shape
(Figure 4.11d). The hook itself is precipitation caught in
the advancing RFD air, and may contain damaging
straight-linc winds. The open, or echo free, arca is the

updraft corc (the BWER n the horizontal planc). The
tornado is typically found on the interface between the
RFD and the updralt, which is a strong cyclonic shear
zone near the tip of the hook.

Figure 4.11d Low-level Airflow Schematic in a Tornado-Producing Supercell. The solid
outlinc represents the low-level radar ccho (notice the hook on the right rear quadrant).
The tornado (T) is on the intcrface between inflow and outflow (Irom Lemon and Doswell,

1979).

The action ol the RFD eventually takes its toll on the
updraft. As the updralt weakens duc to the drag of the
RFD, therc is a drop in the storm top. This is consistent
with Lemon’s findings (1980) of BWER collapsc at the
time of major tornado production. Eventually the updraft
collapscs cntircly under the domination of the RFD:;

when it docs, tornado activity stops.  The RFD s,
updraft battlc, however, may go on for hours, producing
long-track tornadoes. A ncw updralt may form at the
occlusion of the storm-scale (ronts, and the cycle shown
in this scrics of figures begins again--sec Figurc 4.11c.




Figure 4-11e

Three-Dimensional Airflow Schematic in a Supercell--The Updraft

Collapses. The RFD weakens and collapses the updralt as the wrnado dissipates. A ncw

updraft may form.

Figure 4.12 is a look-down view of a supcrcell
thunderstorm,  showing the distribution of associated
surlace weather. It one considers the approach of the
storm from the west-southwest, this model is consistent
with ¢yewitness observations of increasing hail size
followed by a dead calm just before the tornado strikes.

The calm condition, which does not always occur,
results from the col created at the surface where the
horizontal flow becomes vertical as it enters the updraft
bencath the wall cloud.  The author cxpericneed this
cffect while standing beneath a superccll updralt in
central fowa on 23 May 1981,

LOWERED,
RAIN- FREE
CLOUD BASE

TORNADO

SCHEMATIC VIEW OF A

TORNADIC THUNDOERSTORM,
LOOKING DOWN

Q [:J 20 «w

-] 9 B N

scaLy

Figure 4.12 Look-Down View of a Tornadic Thunderstorm, Showing Qbserved Fea-
tures. Notc the presence of Jarge hail in advance of the 1ornado arca (from Lemon, 1979).
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4.4 Squall Lines. The squall tine (introduced in 3.3)
is an organized line of thunderstorm cells that commonly
forms in advancce of a fast-moving cold front--an
example is shown in Figures 4.13a and b. Squall lines
can produce severe weather, most (requently in the forin
of strong straight-linc winds. Squall lines can also
produce hail and tornadocs, but normally only when one
of its cclis attains multicelt or supercel! status.

As thunderstorms begin to devclop in the low-levcl
convergence zonc ahead of the front, the downslope flow
along the lrontal surface injects dry air into the rcar of
the cclls.  Evaporational cooling occurs as the dry air
mixes with the moist in-cloud air. This affects the
thunderstorms in two ways:  First, mid-level cooling
further destabilizes the immediate thunderstorm environ-
ment, giving the updraflt more thermal support. Second,
the evaporationally cooled air subsides and provides a
mcans for the mid-level flow to be transferred downward
to the surface, as shown in Figure 4.13b. If the mid-level
winds arc strong, this dynamic downrush can be violent,
The downrush air spreads out into a long gust front at the
leading cdge of the squall line. Frequently, a shell or
horizonal roll cloud is observed along the advancing
gust (ront. As the downrush gust front rushes ahcad, it
provides a lilting mechanism that gencratcs new cells
ahcad of thc parent squall linc. This allows the linc to
propagate normat to the front while the individual cells
travel parallel 1o the line, with upper-level flow.
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Figure 4.13a Vertical (Look-Down) View of Squall
Line. Line A-B corresponds with line A-B in Figure
4-13b (from Doswell, 1985).
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Figure 4.13b Cross-Sectional (Side) View of Squall Line (Doswell, 1985).

Since flanking cells prevent inflow from any other
dircction, squall line thundcrstorms tend to draw inflow
from their forward flanks. As a result, individual cclls
compete for low-lcvel moist air and make it dilficult for
any onc ccll to intensify at the expense of the others.
This is especially true when the squall line is more or
less solid as viewed by radar. 1f the linc is broken,
however, with large spaces between cells, they may
develop independently without interfercnce from other
cclls. In this case, the probability of severe weather
production, other than straight-linc wind, incrcases. The
cclt at the @il (upwind) end of the line is also a probablec
severe weather producer.  This cell, besides being the
newest, has the capability of drawing totally undisturbed
warm, moist air into its right flank. It normally assumes
multicell, sometimes supercell, proportions il environ-
mental conditions are otherwise conducive to such
growth,

4.5 Puise-Severe Thunderstorms. Ncarly every
forecaster has seen the ordinary-looking thunderstorm
that, for no apparent reason, suddenly produces severe
weather. By the time a waming is issued, the cvent is
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over and never occurs again. This is the nature of the
"pulsc-severe” storm. The name implies its "one shot”
severe weather production mcthods.  Pulsc  storms
become severe through bricl intensifications ol the
updraft. The precise reasons for this are not known, but
it may be causcd by an undctectable pocket of dry air
that finds its way into the cell.

There is, however, a way (o detect a potential pulse
storm.  Investigators (Wilk, et al, 1979) found that the
pulsc storm develops its first radar echo at a higher level
(7-9 km) than non-scvere storms (3-6 k). Pulsc stormns
contain a high reflectivity core that extends to greater
heights, persists longer, and maintains continuity as it
descends to the surface. I the 50 dBZ corc reaches or
exceeds 9 km (29,500 fcet), the probability of a scvere
wcather event is very high. If large hail occurs, it will be
found in the 50 dBZ core as it reaches the surface,

Figure 4.14 is the vertical depiction of a pulse storm
comparcd 0 a non-scvere storm.  Detection requires
constant monitoring of radar and comparison of suspcct
cells with surrounding cells.
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Figure 4.14 Radar Depiction: [Evolution of an Ordinary Thunderstorm (top), and a Pulse Storm
(bottom). Solid lines represent radar reflectivity. Notice that the VIP § (50 dBZ) core in the pulsc
storm is found at a much higher level than in the ordinary storm. The VIP core also maintains
continuity with descent to the surface (after Wilk, ct al., 1978).

4.6 Downbursts. The downburst is not a type of
thunderstorm, but a scvere wcather cvent. It is simply an
extremcly powerful downrush from a convective cell.
Downbursts strike the ground and sprcad rapidly outward
as damaging horizontal winds. They may be "one shot”
cpisodes, or thcy may persist along a long track, as
shown in Figure 4.15. Downbursts commonly occur
with sharply buiging, or bowing, thunderstorm lines.
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Fujita (1978) rcfers 10 these configurations on radar as
"how cchocs™--sce the examples in Figurc 4.15. It
appears that the downburst causes the bowing of the
ccho, rather than the other way around. For this rcason,
downburst detection is often very difficult until well into
its lifc, Maximum downburst activity is normally found
ncar the apex of the bow, at the leading cdge ol the
storm.
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Figure 4.15 Radar Depiction: The Life of a Bow Echo on 6 August 1977. The solid line

indicates the track of the downburst.

Notice that the downburst formed well belore the

echo began 1o bow. The downburst dissipated when the bow echo began to break up (from

Fujita, 1978).

The downburst formation mechanism is not really
understood at this time, but there is speculation that the
entrainment of dry mid-level winds arc involved in a way
similar (o the downrush mechanism in a squall linc. In
any casc, once a downburst has materialized, the strong
winds plow ahcad and rapidly advance the thunderstorm
line into its bow echo shape. The bow echo generally
travels rapidly. The downburst normally stays actlive
until the bow echo begins to break up as an organized
echo system (Fujita, 1978).

RFD-induced downbursts are also common in the
hook cchoes of supercells. A tremendous amount of
low-level shear is produced by the rapidly advancing
downburst gust front. This shear is capable of producing
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tornado-like vortices along the flanks of the gust front.
These vortices, or "gustnadoes” (Doswell, 1985), arc
capable of producing tornado-like damage. They are
virtually undetectable. They have no radar signature
and they occur sporadically, with short lifc spans.

Microbursts arc small-scale downbursts.  Although
not usually as strong, microbursts and the associated
low-level wind shear arc extremely dangerous to aircraft.
They arc particularly troublesome becausc they often
originalc in smaller convective cells, making detection
virtually impossiblc. The microburst formation mecha-
nism is not well understood either, but dry air entrain-
ment (hydrometcors falling into dry air) is believed o be
a primary factor.




SUMMARY

The foundation for successful severc  weather
forecasting lics with the understanding of the basic
conveclive processes and the inner workings of convee-
tive storms.  Too olien, severe weather warnings arc
issucd only on shape rccognition, without any rcal
understanding of the relationship to the scvere weather
cvent.  Too many other warnings arc issucd only after
reports of a visual sighting (olien questionable) have
been received. It does not take an expert o issuc a
tornado warning after being told that one is on the way.

We hope this report will provide the reader a betier
understanding of convective storms.  Although it docs
not address «l! the tools (stability indices, for example)
used in severe weather forecasting, it should have made
it apparent why we use them. It should also be apparent
that severe convective phenomena behave, for the most
part, very logically. This knowledge, combined with the
forecasting tools and rcal-time data now available, can
produce the timely and accurate severe weather warnings
necessary Lo save lives and protect resources.
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