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1. INTRODUCTION

One of the biggest challenges currently facing a
National Weather Service operational forecaster is
making an accurate warning decisi on for apotentially
tornadicthunderstorm. TheNWS WSR-83D radar has
enabled forecasters to clearly observe mesocyclones
within thunderstorms, but resolution of the actual
tornado is seldom possibledue to the relatively small
scale of the tornadic circulation. The national false
alarm ratio (FAR) for tornado warnings in 2001 was
72%, and the Nati onal Weather Service hasidentified
the reduction of tornado warning FAR asa primary
goal. Recent research results published by Dr. Paul
Markowski and cdlaboratars from VORTEX
(Markowski eta., 2002) havegivenexcitingnew clues
as to the possible ingredients for significant (FO-F1
lasting more than 5 minutes, and all F2 or greater)
tornadoes. Many of these clues can be forecasted,
directly observed, or inferred using AWIPS. Ove the
past 14 months, four significant tornado events have
occurred within the Springfield, Missouri National
Weather Service Forecast Office’s county warning
area, and all ocaurred in an environment containing
the hypothesi zed necessary ingred entsfor significant
tornadoes. This pgper will review research results
published by Dr. Markowski, and show how these
concepts can be used in an operational setting via
AWIPS.,

2. TORNADO INGREDIENTS

Dr. Makowski and collaborator Erik Rasmussen
have hypahesized that thereare 3 primaryingredients
necessaryfor tornado formation: a perdstent, rotating
updraft; enhanced sorm-relative hdicity; and the
development of arelatively warm and maist rear-flank
downdraft (RFD).
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Whil eal 3 will bediscussed, it isthe development of
arear-flank downdraft with the special characteri stics
of being relatively warm and maist tha is the mort
recent finding fraon VORTEX and will recave the
most discussion here

2.1 Development of a Persistent, Rotating Updraft

It has gener ally been accepted for a number of years
that generation of a rotating updraft is the result of
tiltingand stretching of ahorizontal vorticitytubeinto
the vertical by an updraft.

The pesistenceof a rotaing updraft can be tied to
seveal features. First, the gust front along the edge of
the RFD shauld not move too far away from the
updraft. Large low-level ambient reati ve humidity is
conducive to this. The proximity of the RFD to the
updraft prevents the warm and moist inflow from
being cut off. Second, most precipitation should be
deposited well away from the updraft so as not to
inhibit the updraft. Deep layer shear resuting in
strong storm-r elative winds has been shown to be an
effective way to move precipitation out and away from
the updraft.

2.2 Enhanced Storm-Relative Helicity

Only in rare casesis the mes-al pha scale storm-
relative helicity (SRH) so large that | ocally enhanced
SRH isnot needed to generate significant tornadoes.
Large outbreaks, where many supercells produce
significant tornadoes, typ cally have background SRH
at or above 300m?s? over the entire warm sector. Itis
not clear how much SRH is required for a supercell to
became tornadic, in most cases howeve, tornadic
supercells occur where SRH tends to be lccally
enhanced.

SRH is highly variable both spatially and
temporally (Markowski et al., 1998a). Local
enhancement of SRH can result from mesoscle
boundaries such as convective outflow boundaries,
anvil shadows (Markowski et al., 1998b), and the
forward flank downdraft (FFD); acceler ation of inflow
parcels, and vaiations of vertical shear paametas



due to small wind peturbations (wiggles in the
hodograph). Of these, only mesoscale boundaries
occur on the operationaly obsevable scale. In
VORTEX, twothirdsof signifi canttornad oesoccurred
within 20 km of conventionally detected boundaries
using pl atforms such as surface observations, satellite
imagery, and WSR-88D imagery (Markowski et al.,
1998c). This suggests that the operational forecaster
can infer the exigence of enhanced SRH near
conventionally detected mesoscal eboundaries.

2.3 Development of a Relatively Warm and Moist
RFD

Research over the past several decades has shown
that air parcels enter the actual tornado through the
RFD. Observationally, the RFD has been equated with
aradar indicated hook echo on thereflectivity product
(Markowski, 2002). The hook echo is in turn co-
located with the often observed dear slot, through
which only afew large drops fall. Itisimportant to
note that not all hook echos result in tornadoes. In
fact, VORTEX results showed many nontornadic
supercellsalso had hook echos. This suggeststhat the
WSR-88D refledivity product may not give a dear
picture in determining whether or not a supercell is
tornadic.

Dual Dopple velodty datafrom VORTEX suggest
that velocity fieldsalso are not definitive in tornado
detection. In addition, VORTEX mobile mesonet
observaions found that most mesocyclones actually
exist dl theway to theground r egar dless of whether or
not atornado forms.

On amore encouraging note, the VORTEX reallts
did show that most significant tornadoes hadrelatively
warmand moist RFDs, while non-tornadic storms had
RFDsthat werer elati vely cold (I ow 6,) asmeasur ed by
the mobilemesond. This relationship was shown to
only have a .2% chance o ocaurring randomly. Itis
important to note that no differences were found
between tornadic and weakly tornadic (FO-F1 lasting
less than 5 minutes) supercells even with a dense
mobile mesonet. It appears that even though these
weak tornadoes account for 68% of al reported
tornadoes (Grazulis, 1993), their detection is not
possible using current technology. Fortunately, only
1% of all tornado deaths are caused by weak tornadoes
(FO-F1).

While mesonets dense enough to measure 6, in
RFDs do no exist operationall y, RFD buoyancy might
be a leas patidly inferred based on conventional
observaions of surface-based dewpoint depressions.
Observed dewpoint depressions in the storm inflow

region during VORTEX showed a statisticaly
significantrel ationship to mobilemesonet measured 6,
in RFDs.  As dewpaint depressions in the inflow
increased, RFD 6, tended to decr ease, and this seemed
tobeassociated withadecreased lik elihood for tornado
genesis. Of course, in areas where convective
inhibiti on (CIN) islarge and dewpointdepressions are
low (on the coldsdeof a boundary) sustained, surface-
based upright convection and in turn tornadoes are
very unlikely. It appears then tha the dewpoint
depression inthe inflow seemsto hold some promise
for determining the buoyancy of the RFD in a
probabilistic sense.

It is important to stress that the simultaneous
occurrence of all 3ingredents a persistent, ratating
updraft; enhanced storm-relative helicity; and a
relatively warm and moist RFD is a very rare event.
Dr. Erik Rasmussn hasrefeared totornadoesin many
cases as "mesoscal e accidents', and Dr. Markowski
stated "We can't farecast dgnificant tornadoes
deterministically." Rotating updraftscan be observed,
but enhanced SRH and buoyancy of the RFD can only
bepartially inferred through observaionsof messcale
boundaries and dewpoint depressions.

3. AWIPS APPLICATIONS

AWIPS provides the gperational forecader the
ability to examine numerical model output, WSR-88D
data, and observations of the near-starm environment
on one platform. Using these tools, the forecager can
examine thelikel ihood of occurrence of the 3 tornado
ingredients, then in turn establish a qudlitative
probability of significant tornadoes.

3.1 Forecast and Detection of a Persistent, Rotating
Updraft

Convective availabl e potential energy (CAFE) is
commonly used operationally as a measure of
ingahility. CAPE, along with the strength of the deep
layer wind shear, are tools a forecaster can use to
estimate the potential intensity of convective updrafts.
Numerical model for ecasts of surface-based CAPE are
available on AWIPS every 3 hours for the Eta Model
out to 60hours and every hour for theRUC Mode out
to 12 hours.

Observaionsof CAPE on aregional scale based on
satellitesoundingsin cloud-free areasare avail able on
AWIPS. On the state scale, the Local Analyss and
Prediction Systemn (LAPS) from the Forecast Systems
Laboratary gives hourly graphics of CAFE and CIN.
TheLAPS productsare based on satd lite data, ground-
based observations, profilers, WSR-88D data, and



numerical model initialized fields.

Forecads of storm-relative helidty are canmonly
used by opeational farecaders to deermine the
potential for per sistent rotation in convective updrafts.
The Eta Madel yields grgphics on AWIPS of 0-3 km
storm-relative helicity every 3 hours out to 60 hous..
Thehdlicity iscal culated based ontheBunk ersmethod
(Bunkers et al. 2000). It is impartant to emphasize
that this should be viewed as a background value. As
stated before, it is rare that SRH will be aifficient
(>300 m?s?) over awide area to generate sgnificant
tornadoes. Usually some type of local enhancement of
SRH is needed.

Observed background SRH is available hourly on
AWIPS via LAPS, however predi cted ssorm mation is
typically20 degreesor mor eto theleft of ssorm mation
calculated by the Bunkers method. This commonly
leads to an underestimation of SRH as campared to
SRH produced by the ETA.

On the storm scale, theWSR-88D has 4 algarithms
for detection of rotation. Uncorrelat ed shear i sdefined
asa2dimendonal feaurewith no vertical carrelation.
The 3D correlated algorithm alarms when 2 or more
vertically correlated 2D features are detected, but only
one is symmetrical. A circulation will trigge a
mesacyclone alarm when 2 or more vetically
correlated, symmetrical dements are detected The
TVS (tornado vortex signature) will alarm when a3D
circulation exceeds a minimum threshold of gate-to-
gate shear and has a base locaed on the 0.5 degree
slice or at least 600 m AGL. T he circul ation depth
must beat least 1.5 km, and themaximum gate-to-gate
AV detected within the cir culation must be at least 36
ms? or at leag 25ms* at the circuation base.

3.2 Inferring Enhanced SRH

As stated in section 2.2, enhanced SRH can be
inferred from observations of mesoscale boundaries.
Outflow boundaries can often be detected asthin lines
on the WSR-88D 0.5 degree reflectivity produd;
cumuluslinesonvisi ble satelliteimagery; and surface
temperature, dewpaint, and wind discontinuities on
LAPSgraphics. Spin-downtimefor enhanced SRH on
an outflow-induced barodinic bounday will vary
accading to stability, but for typical boundary layer
atmospheric viscosities, enhanced SRH can exigt for
seveal hoursafte thethamal grad ent has dissipated.

3.3 Inferring the Presence of a Relatively Warm
and Moist RFD

VORTEX resul ts have shown that the buoyancy of
the RFD is an important ingredient for the genesis of

significanttornadoes. Data from theVORTEX mohile
mesonet wasused to establish a stati stically significant
relationship between RFD 6, and conventionally
mesasured surface dewpoint depressions. Itfollowsthat
conventional obsavations of dewpaint depresson
might allow the operational forecaster to infer RFD
buoyancy and that farecags of RFD buoyancy might
be infered through numerical mode predi ctions of
dewpoint depresson. AWIPS allows one to display
forecagsof surfacedewpoint depression every 3 hours.
Hourly observations of dewpoint depression in
AWIPS are available through the MAPS Surface
Anaysis System (MSAS). The MSAS analysis
combines the previous analysis as a first guess with
current surface doservations includng ASOS, any
mesonets(through LDAD, alocal ingest into AWIPS),
and profilers. In data sparse areas, the Eta Model
forecast dewpoint depression is used as afirst guess.

4. CASE STUDIES

Four severe weaher events containing dgnificant
tornadoes have occurred ove the past 18 months
within the county warning area coveaed by the
Springfield, Missouri National Weather Service
Forecast Office. Archived datafrom these cases show
that in each case, the ingredients for tornadogenesis
discussed here were preent. The chart below lists
these values and in all cases dewpoint depressions
werebelow 10°F, possildy indicating a more favarable
environment for a relatively warm and moig¢ RFD.

Event F-scale | CAPE | DPD SRH
11/23 F2 400 59F 400
4/27 F2 2000 SF 400
8/12 F1 1500 7F 150*
12/17 F2 1000 7F 500

* An outflow boundary was present

It is posside that a source of enhanced SRH was
necessaryinonly the 8/12 case, since background SRH
was very high (>300 m?s? ) in the other cases. The
8/12 caseinvolved a starm that crossed awell-defined
outflow boundary and then merged with another larger
storm. Shortly after crossing the outflow boundary, a
strong mesocyclone and then a tornado formed.



5. SUMMARY

Results from VORTEX, together with previous
research, have led Dr. Paul Makowski and
collaboratorsto hypothesize that 3 key ingredentsare
necessary for genesis of significant tornadoes (FO-F1
lasting more than 5 minutes and all F2 or greater): a
persistent, rotating updraft; enhanced storm-relative
helicity; andthedevelopment of arelatively warm and
moist rear flank downdraft. The WSR-8D is an
effective tool for detection of persident, rotating
updrafts, however both enhanced storm-relative
helicity and rel ative buoyancy of the RFD are not
observable features using curent obsevational
systems. Fortunately for operationa forecasters,
AWIPS makes it possible to infer these quantities
through observations of related features. Existence of
enhanced storm-relaive helicity can be inferred near
mesoscale boundaries, and existence of a relatively
buoyant RFD can be inferred through observations of
low dewpoint depressons.
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