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Beautifully Powerful but Deadly
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United States Billion-Dollar Disaster Events 1980-2021 (CPI-Adjusted)
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Where We Were in the Late 1970s/Early
1980s
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Where We Were in the Late 1970s/Early
1980s

JOURNAL OF THE ATMOSPHERIC SCIENCES '

The Simulation of ee-Dimensional Convective Storm Dynamics

JoserH B, KLEMP
National Cenler for Abmospheric Restarcht, Boulder, Colo, 80307

RoBERT B. WiLRELMEON
Undversity of Binois, Urbana 61801
(Manuscript received 22 Scptember 1977, in final form 21 February 1978)

ABSTRACT

. A new threc-dimensional cloud mode! has been developed for investigating the dynamic character of con-
wective storms. This model solves the nnmprmlbl! equations of motion using a splitting procedure which
‘provides numerical efficiency by treating the sound wave modes separately. For the subgrid turbulence
processes, & mm -dependent turbulence energy equation is solved which depends on local huuy-m:y, shear
and dissipation. First-order closure is applied to nearly conservative variables with eddy coefficients based
on mempuled turbulence energy. Open lateral boundaries are incorporated in the model that respand to
internal forcing and permit gravity waves to propagate out of the integration domain with little apparent
reflection. Microphysical processes are included in the model using s Kessler-type parameterization, Simula-

tions conducted for an unsheared énvironment reveal that the updraft temperatures follow a moist adiabatic
lapee rate and that the convection is dissipated by water loading of the updraft, The influence of & one-
directional shear on the storm development is also investigated. A simuls with a veering and backing
wind profile exhibits interesting featares which include a double vortex circulation, cell splitting and second-

ary cell formation.

1. Introduction

In recent years, the detailed three-dimensional
structure of convective storms has been observationally
well documented. Schematic models based on these
observations have been proposed (e.g., Fankhauser,
1971; Browning and Foote, 1976), and analyses of
multiple-Doppler observations are now revealing the
internal velocity structure within precipitating clouds
(Ray, et al., 1975; Ray, 1976; Brandes, 1977; Miller,
1975; Kmpﬂ.] and Miller, 1970 Lhemluc and Gilet,
1915) To further increase our llnde{smm‘]mg of cloud
structures and their relationship to environmental
conditions and microphysical processes many numerical
models have also been developed. However, only
tecently have three-dimensional simulations been
seriously attempted, primarily because of computational
constraints.

Three-dimensional simulations are necessary for
studying the relationship between shearing and veering
environmental winds and such features as rotation
within and orientation of updrafts and downdraits,
cloud movement relative to the mean wind direction
and flow of eavironmental wind around a cloud. For
example, Orville and Kopp (1977) found it Tnecessary

* The National Center for Atmospheric Research is sponsored
by the National Science Foundation.

0022-4928/78/1070-1096§13.50
© 1978 American Meteorclogical Saciety

to reduce environmental winds to 20% of the ob

values in their two-dimensional model in orgS

simulate the Fleming supercell storm which oc
on 21 June 1972 in the NHRE project ares and
has been documented by Browning and Foote

Frequently in two-dimensional (and often in
dimensional) models rain falls within the uj
and the downdraft that eventually develops d

primary low-level supply of moisture (e.g., Wilhe
1974). Despite some success by Orville and

(1977), Takeda (1971), Hane (1973) and Schid

(1973a,b) in modeling storm features with two-q

sional models there still remain many features s
those mentioned above which these models ¢

faithfully represent. Further, it is not clear unde
conditions the ability to represent subgrid-sca
tions in three dimensions will be lmpnrt.lml to
development and structure. For example, K
(1976) has discussed the different implications of
viscosity assumptions in two and three dime
inchuding the tendency for transfer of kinetic
to larger scales in two dimensions and to smalle
in three dimensions.

Three-dimensional modeling currently requir
fices in the representation of physical processes
the scales of resolution which must be made

Courtesy R. Wilhelmson, University @
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Observed and Numerically Simulated Structure of a Mature Supercell Thunderstorm
- m 3 ! J. B. KLEMP
I u a I O n f i Matignal Center for Atmospheric Reséarch,! _Bould'gr_ CO 80307

R. B. WILHELMsON
University of Hlinois, Urbana, IL 61801

P. 5. Ray
* National Severe Storms Laboratory, Norman, OK 73069
(Manuscript received 15 December 1980, in final form 31 March 1981)

ABSTRACT
Through the interactive use of Doppler-radar analyses and a three-dimensional numerical storm simula-

tion the detailed structure of a supercell, tornadic storm is analyzed. This storm, named the Del City storm,
occurred in central Oklahoma on 20 May 1977. The storm exhibits certain important features which are

o essential to maintaining its longevity and which promote the storm's transition to its tornadic phase. These

features are strongly influenced by the rotational character of the storm separates the precipitation

| - from the updraft and which orients the resulting downdrafts to which reinforce low-level convergence

\ along the gust front and sustain the storm. Analyses of air parcel and rain trajectories within the storm

provide a detailed visualization of this internal structure. These trajectories reveal that air parcels
rising through the cyclonically rotating updraft actually turn anticyclonically with height owing to the
influence of the storm relative environmental wind field. Downdrafl trajectories suggest that the cold

- ;‘
b outflow air behind the gust front originates in the environment at heights below 2 km. The distribution of
S e rva I O n S vorticity is also investigated within the mature storm. Atlow levels the strong cyclonic vorticity is found to
be located downwind of the convergence line, along the strong gradient between the updraft and down-

draft. The similarities in structure between the observed and simulated storm suggest that the larger scale
environment plays a dominant role in structuring many of the detailed features of the storm.

1. Introduction morning soundings on this day revealed a very

unstable air mass (lifted index of —6) and strong

vertical wind shear throughout the region. In the

afternoon a major short wave moving into the area

combined with moist southeasterly low-level flow to

produce a number of severe storms. These storms

spawned 16 tornadoes in the state during the after-

dures in conjunction with a variety of simplifying gg?'?:g:l?oM?y agd thgol:’gh [?etear]y morn";g h‘%":.rs

A | apprcxjma!inns apd thus results are typically gener- the NSSL l_::;ﬁ nzfﬁvoreic :;‘; ;:::l;b;;:ﬁeed :’:11"'1“

| ated with a considerable degree of uncertainty. In tarieously with up to four Doppler radars. i l-ﬁ -

an effort to enhance investigative capabilities, these of the NySSL an ler-rada:i‘;te ork :’Ii' x?:\f;dji
two powerful tools are being jointly applied to by Ray ef a! lg’,gfgc ‘S’b . R ¢ we

selected cases as part of & Ceoperative Observe- y Ray eral. .* Concurrent observations were

-
. h . : also available from a surface network, rawinsondes.
tional and Mod 3 . h Mo ’
O bse rvatl O n S Severe Storm:(élgllfdxg;;l for the Analysis of instrumented aircraft and satellites. The observa-
} In our initial effort we are investigating the severe tions on .20 May provide an E"“““"‘ and unique
storms which occurred in central Oklahoma on 20 oppt:‘rlup:;]y _\ul;m:!yze se\feral tornadic storms over

M . . N much ol ) el ; elm_es,
ay during the 1977 National Severe Storms Labo A detailed discussion of the late afternoon storm

ratory (NSSL) spring data collection period. The activity in the vicinity of the radar network is

Over the past few years significant advancements
in understanding the behavior of convective storms
have been achieved through analyses of multi-
Doppler radar observations and of three-dimen-
sional cloud model simulations. However, bath
approaches require complicated numerical proce-

' The National _C‘.nnlﬂ for Atmospheric Research is sponsored #Ray, P. §., J. Weaver and NSSL staff, 1977: 1977 Spring
by the National Science Foundation. Program Summary. NOAA Tech Memo ERL-NSSL=84, 173 pp.

0022-4928:8 1/081558-23809.75
© 1981 American Meteorclogical Socicty




An Intriguing Notion and an Inspiration

B
Tornado

4:27

Observations

“The Atmosphere Finally Did What the Model Had Been DoinaiorartoneRnme
— R. Wilhelmson

Wilhelmson and Klemp (1981)



Enter Doug Lilly at OU

Theoretical Predictability of Small-Scale Motions.

1985

D. K. LLLy
University of Oklahoma - Norman, OK
VOL. 43, N0 2
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1986

‘The Structure, Energetics and Propagation of Rotating Convective Storms.
Part I: Energy Exchange with the Mean Flow

DoUGLAS K. Lney
School of Metecrolegy, University of Oklahoma, Norman, OK 73019
(Masuscript received 10 Crinber § %54, in final form 20 August 19635)

1. - Summary.

JOURNAL OF THE ATMOSPHERIC SCIENCES VoL. 43, No. 2

1986

The Structure, E ics and P tion of R g Convective Storms.
Part II: Helicity and Storm Stnhﬂmmn

DoudLas K. LiLLy

Recently summarized data on the kinetic-energy ABETEACT
in the small and mesoscale domains allow extension A throedis buoyant con & s vertical shear by
mates of predictability due to Lorenz [1] and I ;ﬁwlmﬁ;‘:“mﬁmf‘ﬁfg‘:mﬂt‘;ﬂ;mf:ﬁ::‘:‘:f_"'lm:"mmﬂ
Several factors limit the validity of these estimates, ;:mwmﬂﬂaﬂ';::;"nmﬂ enerey i transfarmed into i :“a f':;gm:mi‘r“ﬁ;'m
tant of which may be the highly intermittent nz o o, V0 ot of eHEs o oo 8 o S e BOVE SRR
events. Some evaluations of this intermittency are & prapegating spdralis with caincident vartices Universiy of Oklshoona, Normar, OK 71019
of the effects of intermittency on predictability, a (Manuscript recsived 10 October 1584, in finsl form 21 Augast 1985)
sisting of widely spaced Rankine vortices is analy ABSTRACT

velocity predictability is found to be greater thar
itself. Aspects of the strategy of observation and p

tent flows are discussed.

2. — Introduction and scope.

Consideration of the problem
pherie activity suggests existence
not exist or are less important fo
net. I will first outline the straigh
seale approach to the smaller scale
the validity of that approach. M
non-Gaussian probability distribu

3. — Conventional estimates of st

The problem of predictability
principle, all the complexities of
diction is classically the true tes

1. Introduction and scape

This is the first of two articles displaying results of
namice of rolating sonvactive
I “supercells” by Browning
ng convective storms” refers
wut a vertical axis observed in
ot imply 2 net storm angular
s extend the arguments ear-
1 (Lilly, 1982, 1983), In them,
Lhe development of rotation
ahilizes storm structure. The
1, the princapall subject of this
A by the storm of a substantial
By from the mean shear, with
k into enhancing the buoyant
1985, hercalier 1) | show thay
ting storms exhibit high flow
ality apparently reduses tur.
iereby increases the efficiency
s, The storm structure and
maximize the buoyancy and
the disturhance differ signif-

produce maximum updraft
A1 propase that the observed
vmise between two limits.
r reviews the current under-
wm by which rotation and
1ed in supercel] storms, much
ing based on the resulis
merical simulation models.
m is extended to determing
nt energy transformations.

In gaction 3, 1 pressnt o linear a
three-dimensienal convection in
technique proposed by Phillips (1¢
shows more clearly than previous
dimensionality forbids but three-d
flow of kinctic enerzy from the m
vective disturbance. Section 4 sun
An Appendix containg an outline
encrgy analysis of real and sinuls

1. Siructore and motion of rotwtin

The discovery that conain thu
portions of them assocaated with
significant rotation about & verti
10 Broks (1949). In seemingly um
ansd Kaz (1938), from analysis of a
network, found that many large
direstion significantly diferant frv
flow in which they were embedde:
acumulating evidence that the 1
often developed in regions of stron
partially rationalized by Browr
maoddel of rotating storme. Browni
siorms supercells, in disinction 1o
accepted) model of ordinary thur
of individual cells in various stage
Browning's model, shown schema
appears as a kidney-shaped rainch
low-leve] inflow and updrafi occu
regaon and the cold downdrafis an
aren, Looking down the mean she:
vector of the storm is shown to tl

113

Ruotating “wpereell” e sharwm (o memmnuwmm
d«mmmr.m“m.mmmmwnwmmnm embedded a
nigue helical flow dw-ln(.mduﬂmgnmmym(
!thMuﬂduhmﬂHMWwfﬁMy A mple Mllwmlmnmmﬂummﬂum
supercell strocture and also provides a of

and numerical i

siorm motian. Since theory, dlosure model calculasios

Eurbulent dissipatian, it it suggested that sepercells

indicase ihat helicity sappreses

e thist hiobed Mability and long ok bo B effect, Enbinied pradiclbilsty of ssch sorms is then expantad

and is apparently seen in same resules of Withelmson and Klemp. It is concluded that rotating storm stracture
and propegation must imvalve & compromise between the energeiic effects discussed by Lilly in Part | of this

study and these eonsidered here, bt that the helicty effess seem to be dominant in long-Hved starms.

1. Introduction and scope

This article continues the analysic, begun in Part [
(Lilly, 1986; hereafler referred 1o 2 Part I) of the eve-

dissipation by Levich and Tsinober (1983a,b), Tsinober
and Levich (1983) and Levich et al. (1984). It is pro-
posed that, since helical eddies resis dissipation, they
will survive longer than other turbulent eddies and will

lution, structure and of rotating
stormas, of “supercells.” The aspect pursued here is a
hypothesis that these storms owe their long life, sta-
bility, and apparent predictability to the helieal natare
of their circulation. In section 2 it is shown, from model
and obscrvational results, that helicity, the vector inner
product of vortcity and velocity, is typically large in
boih ihe storms and their environment, and can be
exchanged between them. In section 3 it is shown that
the gross structure and movement of supercell storms
can be modeled s a purely helical (Beltrami) flow.
Section 4 presents a review of the evidence from tur-
bulence theory that helicity suppresses the inertial-
eange enenky castade dnd tends to isolate the large en-
ergy- and helicity-containing scales from the inertial
range and dissipation scales. The implication is that
rotating, thunderstorms, which contain. and produce
helicity, are less mmnblz o nonlinear stirming and
than are nonhelical flowr fields,

such as ordinary In section 5 it
interpretations are made from the results of Part | and
this article.

Since completing this work T have become aware of
a series of papers by Levich, Tsinober and colleagues
which strongly support and elsborate on the impor-
tance of helicity within the general framework of tar-
bulent flow. The energy preservative aspect of helicity,
discussed further in section 4, ig invoked as an expla-
nation for the high i afl EMeTEy

tend to di the flow statistics. Thus meost large
eddies will be characterized by high helicity and low
dissipation, while most dissipation will occur in the
transitional and short-lived regions of low helicity. This
hypothasis has now been tested against results of 3 nu-
merical simulation of the Navier-Stokes equations (Pelz
et al., 1985) with favorable results, as described in sec-
tion 4

The possible effects of helicity on atmospheric mo-
tions have been considered by Levich and Trvetkov
(1984, 1983), where the term “helical cyclogenesis” is
introduced. It is hypothesized that the mean square of
helicity is subject 10 an upscale “caseade™, somewhat
similas to that of two-dimensional turbulent energy.
Faollowing this approach the authors suggest that several
kinds of mesoscale disturbances, including tropical
cloud clusters, mesoscale convective complexes and
squall lines, develop from convective-scale energy
sources which organize themselves into large scales
through the previously discussed upscale transfer pro-
cess, [t is also noted that supercell storms show helical
flow structure.

2. Helicity and its relevance o rotating storms
Helicity, here denoted by H, is defined as
H=Viw, w=VxV. n

& 1586 American Meteorolagical Society

Asa i of the velocity and vorticity vectors,




We had 3D Storm Models

Courtesy K&




Computing Was on the Right
Trajectory
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NEXRAD Was on the Horizon

COMPLETED WSR-88D INSTALLATIONS
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Networking Was Expanding

NSFNET Backbone network
IBM NSS nodes, 1.544 kbps (T1) topology
July 1989 - November 1992

O- 1990 additions




A Crazy Question: 1988

10/24/20 12UuTC 48HR  FCST ¥ALID MON 10/28/20 12UTC NORA/NWS/NCEP

explicitly predict this
type of weather?

Fe
Tilt 1 El

MON 201026/1200vD48 NAM 29HR ACCUMULATED PRECIF (IN) AND EMSL (4MB2

Can computer forecast
model technology.




Then Came the Opportunity to Pull
Everything Together...

2 758 oy
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And We Went for it...
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Theory and Simple Models Said this was
IMPOSSIBLE

JOURNAL OF THE ATMOSPHERIC SCIENCES

Deterministic Nonperiodic Flow*
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Center for Analysis and @—@

Prediction of Storms

One of the first 11 NSF Science and
Technology Centers created in |
Mission:
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Getting the Necessary Data

...We Need Observations
on Scales Mch Finer
Than These!

.




The Potential Solution: NEXRAD
(1994)




The Challenge With Doppler
Radar

The radar observes ...

one (radial) wind component ‘ ‘ ‘
precipitation intensity - vhgeryed

’ Coponent
—/ 2

The model needs...
3 wind components
Temperature
Humidity
Pressure

&8
' g

Turbulence
Many other variables....



Squeezing Blood Out of a
Rock

Given a time series of only - ..
one wind component + preci | LG
in a 3D volume of the

\ “ voseryvedd
atmosphere... S
How does one | -
estimate ALL of the

other 20+ varlables
needed in the same
volume? Uniguenes “f

A highly underdeterminedypreniEm?!



Example : March 28, 2000 Fort
Worth Tornadic Storms
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NWS 12-hr Computer Forecast Valid at 6 pm CDT
No Explicit Evidence of Precipitation in North Texas
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Reality Was Quite Different!
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Radar

Hourly Radar Observations
(Fort Worth Shown by the Pink Star)



Fcst With Rada

{ I S T |
Xue et al. (2003)




As a Forecaster
Worrled About




As a Forecaster
Worried About
This Reality...
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Probability of Intense Precipitation
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Forecast from Today’s Operational Model!

Composite Reflectivity (dBZ)
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The Million Dollar Question:
Will Computer Models Ever
Be Able to :dJ




24 May 2011 Tornado Outbreak:
Warning on a Numerical Forecast

£ The Tornado Outbreak 10
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24 May 2011 Tornado Outbreak:
Warning on a Numerical Forecast
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What Happens if We
Succeed?!

South OKC — May 31, 2013 (11 days following the
latest devastating Moore tornado)




The Human Factor: Social and
Behavioral Sciences
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The Human Factor: Social and
Behavioral Sciences

2000

2011

498 deaths




The Current Warning System

U 7 Information Void(s)

Outlooks

Warnings

Time BEVAS

Space Regional State Local

* Product-centric, deterministic (binary), and presumptuous.
* More information needed.
* More information available.

Adapted from Dr. Heather Lazrus (NCAR) Courtesy NOAA/NSSL A1




The Current Warning System

Warning polygons are messy!
Inherently “binary” (on/off; in/out)

Large false alarm area.

5 Year Mean Areas
1 Tornadoes
@ Tornado Warnings

Courtesy NOAA/NSSL



The Method
of Warnings

i

Observations
& Guidance

g

A New Paradigm:

The
Forecaster

Threat Grid

Tools
__..-l—"-'-._.—'

.veather Threaw.
4701 N Porter Ave

Wind Flood ~

Useable
Output

Forecasting a Continuum of
Environmental Threais (FACETs)

Effective
Response

CORRECT
NULL

Verification
Methods

Courtesy NOAA
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% The General Idea... |

Courtesy NOAA/NSSL



Changing the Starting Point

30-Minute Threat: Tornado Probability

Move from “binary” polygons Valid 11:00 a.m. - 1:30 a.m. MDT
ole .o Last updated: 1 minute ago
to Probabilistic Hazard R o ‘
Information (PHI) S L proximity (Yellow)
* Grid-based threat probabilities. & grerits

" Legacy warnings “fall out.”
= New messages possible.
* Not only for tornadoes.
= Winter weather, hail, lightning,
flooding, etc.

“Byproduct”
Tornado Warning Courtesy NOAA/NSSL
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FACETs Comparison:
20 May 2013
(Moore, OK)

Don’t think “large, binary
warning products.”

Think “continuous flow of
relevant, actionable
information for each

neighborhood.”

Courtesy NOAA/NSSL

“1 Current Method
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updated every 2 minutes.




HOW PREDICTABLE ARE SEVERE

20000

STORMS AND TORNADOES?

JOURNAL OF THE ATMOSPHERIC SCIENCES

Deterministic Nonperiodic Flow*
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QUESTIONS REMAIN

ZHANG ET AL

On the Predi ‘What Is the Predictability Limit of Midlatitude Weather?

ZHANG AND Y. QIANG SUN

HAVE WE REACHED THE
LIMITS OF PREDICTABILITY
FOR TROPICAL CYCLONE

TRACK FORECASTING?
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EDWARD LORENZ REVISITING THE
LIMITS OF PREDICTABILITY AND
THEIR IMPLICATIONS
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EARTH SYSTEM PREDICTABILITY
RESEARCH AND DEVELOPMENT
STRATEGIC FRAMEWORK AND ROADMAP

A Report by the
FAST TRACK ACTION COMMITTEE ON EARTH SYSTEM
PREDICTABILITY RESEARCH AND DEVELOPMENT
of the
NATIONAL SCIENCE & TECHNOLOGY COUNCIL

October 2020



