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ABSTRACT OF DISSERTATION
RAPID DEVELOPMENT OF TORNADO-LIKE VORTICES BY SIMULATED

SUPERCELLS

The Regional Atmospheric Modeling System (RAMS) is used to examine the evolution
of low-level vorticity beneath a modeled supercell thunderstorm. The simulations are per-
formed using seven-species bulk microphysics in a horizontally-homogeneous domain, and
are initialized through the use of a warm bubble. A mesocyclonic circulation becomes
apparent a kilometer above the ground after 45 minutes of simulation time, and vertical
vorticity of similar magnitude develops along the gust front near the surface by 55 min-
utes. Approximately five minutes later a transition occurs; the maximum vorticity beneath
cloud base becomes vertically co-located, and translates with nearly constant grid-relative
velocity. The vorticity increases by a factor of five during the five minutes following the
co-location of the vorticity. An intense pressure deficit develops within the region of closed
streamlines.

It is shown that the concentration of vorticity is not dynamically forced by vertical
pressure gradients or buoyancy, but occurs in a quasi-horizontal framework. The process is
similar to models of non-supercell tornadogenesis in the literature that invoke the non-linear
pooling of vorticity by barotropic processes, but with modification due to the presence of
large-scale plane convergence. Specifically, the plane convergence allows the vorticity

to concentrate at much faster time scales and without need of the coalescence of several
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discrete vorticity centers. The relevance to observed tornadic vortices and the implications

for future modeling work are discussed.

Brian Gaudet

Department of Atmospheric Science
Colorado State University

Fort Collins, Colorado 80523
Spring 2002
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LIST OF SYMBOLS

A; projected area in z-direction

Aj projected area in y-direction
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An projected area in generalized direction
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(64 circulation
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D two-dimensional deformation: (T2 + H?)%3
e 2.71828...

F non-pressure gradient, non-gravitational force
Fy horizontal part of F’ (vector)

Fom viscous force

Fom subgrid momentum diffusive force

f Coriolis force

Gy vertical pressure forcing

G, horizontal pressure forcing

g gravitational force per unit mass

H shearing deformation: dv/dz + du/dy
i z-direction component (vectors)

i grid index for z-direction (scalars)

i y-direction component (vectors)
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Chapter 1

INTRODUCTION

"And [ looked, and, behold, a whirlwind came out of the north, a great cloud, and a fire
infolding itself, and a brightness was about it, and out of the midst thereof as the colour of
amber; out of the midst of the fire.’

Ezekiel 1:4

Tornadoes are neither the most damaging, nor deadliest, nor most common of weather
hazards today. Yet perhaps no weather phenomenon evokes such awe and wonder at the
power of the atmosphere, or shear terror for those who are unfortunate enough to not have
the luxury of casually observing from a distant vantage point. The extreme power of tor-
nadoes coupled with their diminutive size (median diameter of 50 m)' and transient nature
(few last as long as an hour) have made them extremely resistant to study until recently
(Grazulis 1993).

In March 1948 Air Force Weather officers Emest Fawbush and Robert Miller, having
seen a tornado strike Tinker Air Force Base five days previously under similar weather

conditions, issued the first modern tornado forecast, which proved remarkably prescient

!Strong tornadoes (Fujita scale F3 or higher) are a small subset of all tornadoes, but when they do occur
tend to be associated with supercells. For these tornadoes the median diameter is closer to 200 m (Grazuiis

1993).
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(Grice et al. 1999). Soon the basic climatology of tornadoes was discovered (Fawbush and
Miller 1954): they tend to occur in environments with very warm, moist air near the surface,
capped beneath an inversion that separates it from a layer of very dry, nearly statically-
neutral air. The low level winds are usually from near the southeast but veer sharply with
height, and usually the upper level winds are quite strong (Darkow and McCann 1977).

With the aid of radar studies, Browning and Donaldson (1963) and Browning (1964)
were able to deduce that a particular type of large, long-lived, and vigorous storm, the
supercell, was associated with a large fraction of reported severe weather, including torna-
does. It was soon realized that the tornado climatology was essentially a climatology of the
conditions which Browning had shown were favorable for supercells.

Soon after numerical modeling of storm-scale phenomena began in the 1970s, the mod-
els were applied to modeling the supercell. These models had great success in reproducing
the features of supercells (Klemp and Wilhelmson 1978a; Weisman and Klemp 1982), and
facilitated the creation of physical analytical models to explain their behavior (Rotunno
and Klemp 1982). The observational data base also grew substantially through damage
track studies (Fujita 1970), 'storm chasing’ (Bluestein 1999), and Doppler radar (Donald-
son 1970).

Eventually observational studies (Lemon and Doswell 1979) conceptual models (Davies-
Jones 1982), and numerical models (Klemp and Rotunno 1983) all suggested that low-level
rotation beneath supercells had different origins than the rotation of the supercell storm
itself. It was increasingly suggested that the interaction between the updraft and the down-
draft of the storm is critical to the formation of the low-level mesocyclone.

The actual process of tornadogenesis occurs at scales even smaller than the low-level

mesocyclone. Recently observations of the tornadogenesis process and tornadoes have
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been obtained in detail not previously seen (Wakimoto and Liu 1998; Bluestein and Paz-
many 2000). The collapse of the low-level mesocyclone into the tornado is still not well
understood however. Tornadic-like vortices in modeled supercells have been documented
in the literature and show intriguing similarities to real tornadoes (Wicker and Wilhelmson
1995; Grasso and Cotton 1995; Grasso 1996; Finley 1997), but because of the limits of
model resolution are still generally too large to be equated with real tomadoes.

It also has been recognized in the past couple of decades that not all tornadoes derive
from supercells (Brady and Szoke 1989; McCaul 1993), nor do all tornadoes form in the
same manner (Burgess and Donaldson 1979; Trapp et al. 1999). Model studies also re-
flect this disparity; some studies point to upward pressure gradient forces as the trigger to
forming intense 'tornado-like’ vortices (Wicker and Wilhelmson 1995; Grasso and Cotton
1995), others portray the vortices as being surface based (Grasso 1996; Finley 1997), and
others explicitly model non-supercell vortices (Lee and Wilhelmson 1997a-c).

In this study idealized supercells will be modeled using the Regional Atmospheric
Modeling System (RAMS), and will be shown to develop low-level mesocyclones that
can rapidly collapse to form concentrated vortices. This collapse process will be analyzed
in some detail in order to suggest the physical mechanism of the collapse and from where
it originates. Chapters 2 and 3 will present conceptual and historical background, respec-
tively. Chapter 4 will contain an overall description of a supercell simulation that produced
a particularly strong collapse of vorticity. Chapter 5 contains a qualitative and quantitative
description of a model of the collapse process, and it is argued that the process is related to
the conceptual models of Neu (1984a,b). The ultimate source of the low-level vorticity is
investigated in Chapter 6, whereas some tests of the dependencies of the low-level vorticity

are found in Chapter 7. Finally, conclusions and implications for future work follow.
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Chapter 2

ANALYTICAL FOUNDATIONS

In this chapter there are a series of derivations that are used to provide some background

for the discussion of supercell and tornadic research that follows.

2.1 Thermodynamic Variables

For gases that obey the ideal gas equation, the pressure, density, and temperature are related
by:
p=pRT, @.D

where p is pressure, p is density, T is absolute temperature, and R is the gas constant, which
is essentially a function of the molecular weight of the gas. For a mixture of ideal gases,
both the pressures (by Dalton’s law of partial pressures) and the densities simply add, while
it is assumed that the temperature of all gaseous components is identical.

For all components of air except water vapor, the relative proportions are nearly con-
stant, so one can simply perform a weighted average and relate the total air pressure to an
effective gas constant, R, and effective density, p;, of air. The variability of the water
vapor content of air introduces a natural variability to the density and effective gas constant

of air. To take this into account one can write the total pressure of the mixture as:

P = Pair +pvapar = dedT + pvRuT = dedT (Tu% + l) R (2.2)
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where r, = p,/p4 is defined as the mixing ratio of water vapor, R; = 287 J K~' kg™!, and
R,=461JK kg™t

Meanwhile ps = p — p, = p — T4p4, 50 pa = p/(1 + 1) and

_ 1+ (R,,/Rd)r,, - &
p = pR,T Trr =~ pR,T [1 + ( R, — 1) 1‘,,] 2.3)

since r, is small.

Moist air is seen to obey the ideal gas law using a dry air gas constant, but with a mixing-
ratio dependent correction factor. For a given absolute temperature and pressure, the total
density of moist air is less than that of dry air, because the molecular weight of water
vapor (approximately 18 g mol™") is less than that of dry air (approximately 29 g mol ™).
Mathematically, we see that at a given temperature and pressure, the density of a mixture
of air is inversely proportional to the factor [1 + (R,/Rq4 — 1)r,], which is approximately
0.617,. In practice it is assumed that the gas constant for air is always Ry, but that air
behaves as if it had a virtual temperature T, = T(1 + 0.61r).

The equations of motion for the atmosphere can be expressed as:

dv 1

= —;Vp — gk +F, 2.4)
where the first term is the pressure gradient acceleration (or ’pressure gradient force’ in
typical terminology), and the second term is the gravitational force. The third term repre-
sents the presence of any non-conservative forces, such as viscosity, as well as other forces
distinct from the first two (most importantly, the Coriolis force). Because of the size of the
gravitational term, the pressure must drop rapidly with height for approximate balance (see
Section 2), and it can be shown that both temperature and density also decrease rapidly with

height as a consequence (Dutton 1995). It is therefore convenient to define the potential

temperature, 6, as:

0=T (_P_l_)_) ” 1 2.5)
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where py is a reference pressure normally taken as 1000 mb, and R/c, is the ratio of the
gas constant to the specific heat at constant pressure. It can be shown that this variable is
conserved for air during adiabatic processes — when there is an absence of phase changes,
radiation, and diffusive processes (Cotton and Anthes 1989; Holton 1992; Dutton 1995).

Using (2.3) to substitute for T in (2.5) gives:

R
P (Po)*
0,=— (=} , 2.6
pRq ( p ) )
with the virtual potential temperature 6, = 6(1 + 0.61r,). This allows a substitution of 8,

for 1/p in the pressure gradient force, giving:

£ IS
Ly, B (2) e (2) Vo, @
P 14 Po 4 Do

where K = R/c, and kg4 = Rg/cyq is the value of « for dry air. The value of &, is
approximately 0.286, whereas « for pure water vapor is approximately 0.241 (Fleagle and
Businger 1980). However, it is almost always assumed that the actual value of x for an air
mixture can be approximated as x4. When this is applied, x is then a constant in space, and

the resultant pressure gradient force may be rewritten in the form
1
—-p—Vp =-6,Vr (2.8)

with the Exner function 7 defined as cpa(p/po)™, where c,q = 1004 J K~ kg~!. Thereare
advantages to using the RHS of (2.8) as opposed to the LHS for the pressure gradient term
(Cotton and Anthes 1989, Sec. 2.3.2), and this is the form used in RAMS.

Finally, it should be noted that the virtual potential temperature takes into account water
vapor but not condensed water species. These species can also be measured in terms of a
mixing ratio r. = p./pq where p. is the mass of the species per unit volume of air. This

density makes no contribution to the gaseous pressure nor the ideal gas law!, but it does

!Condensate does however alter the net heat capacity of an air parcel. RAMS takes this effect into account
by allowing certain condensed water species to possess a temperature distinct from the air temperature (Walko
etal. 1995).

|
|
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increase the density in the equations of motion. To take this into account (2.8) should be
multiplied by p/(peir + pc) = 1 — p./p when p. is small compared to p. Approximating

once more with p = p, gives a final momentum equation of:

Z_: =—0,(1 —r.)Vr — gk +F. 2.9

2.2 Momentum Equation and Hydrostaticity

As noted above, because gravity is the dominant force acting on the atmosphere, to first
order the pressure gradient is directed vertically upwards to balance the gravitational force;
when the vertical component of the pressure gradient force exactly balances gravity, hy-
drostatic balance is achieved. Keeping this in mind, the Exner function can be decomposed
into a mean state, mo(z), and a horizontally-variable perturbation, 7’. A mean state virtual
temperature 6,0(z) can then be defined as that which creates hydrostatic balance with o,
i.e. B,00m0/0z = —g (it is assumed the mean state has no condensed water). The sum of

the vertical pressure gradient force and the gravitational force becomes:

dw _ 371’0 on’ / aﬂ'
E = [—9u0 9z —000 9= ov Oz v 8.,] (1 ) g- (2-10)

Substituting —g/6,, for dme/dz produces:

d 371" g, , on’
Y [o-0aF +age -~ 5| =m0,

dat 7778z " 78
I o nr
Y ey ——
on’ 0’ , on’
= —0,,05— +g5— -0, 3 (1-r1.) —gre (2.11)

One assumption is normally made at this point: that g is much larger than both the
terms I and IT in (2.11). We can substantiate this assumption for term II by noting that g ~

9.8 m s~2; even for a 30 K temperature perturbation term Il is =~ 1 m s=2 for 6,0 = 300 K.
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Two consequences are: a) since g has been assumed to be much larger than g6/, /6,4, then
6,/0.0 is much less than unity, so term III can be neglected in comparison with term I; and
b) the term r. multiplying the brackets can be neglected in comparison with gr.. We are

then permitted to approximate (2.11) by:

dw on’ 0 on’ d
—_— = —f,0— v —_ )y e— v - 12

Of the two terms that remain, the first is the vertical perturbation pressure gradient
(VPPG) contribution to vertical acceleration (though here actually a 7’ gradient), whereas
the second is the buoyancy contribution. Note that it is not possible uniquely to partition
the vertical acceleration into the buoyancy and VPPG terms. The specification of 7o and
0.0 is arbitrary as long as the base state is hydrostatic, to the extent that the perturbation 7’
and @, are not such that terms [-II rival g in magnitude.

In the horizontal equations of motion only 7’ is relevant to the horizontal gradient. In
RAMS the horizontal pressure gradient force is simplified to 6,0V g7’ to be consistent
with the VPPG. RAMS can be said to be 'Boussinesq’ in that the horizontal pressure gra-
dient force is simply the horizontal gradient of the scalar ,07’. The modified momentum

equation can now be written as:

‘fi—‘t’ = —0,V7' + Bk +F, (2.13)

where B = ¢(6, /0,0 — 7.) is the buoyancy term.
2.3 Vorticity Equation

Vorticity, ¢, is simply defined as the curl of the velocity. For air parcels there is both relative
vorticity, which is a function of the air velocity relative to the earth, and planetary vorticity,

which is due to the rotation of the earth. The planetary vorticity has a vertical component
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given by f = 2Qsin¢ where Q = 7.27 x 107° rad s™! is the rotation rate of the earth
and ¢ is the latitude. For midlatitudes f is around 1 x 10~* s~!, suggesting that it takes
on the order of a few hours for its effects to become significant. Because the focus of this
study is tornadogenesis, it will be assumed that planetary vorticity acts too slowly to play
a major role in the process, so only relative vorticity will be considered in this chapter. In
component form, the relative vorticity is given by V x v = (8w/dy — dv/dz, Ou/dz —
Ow/0z, Ov/dz — dufdy).

Let us return for the moment to the non-Boussinesq atmospheric momentum equation,
(2.9). The vorticity tendency equation can be derived by taking the curl of (2.9). First,

using a vector identity to expand the LHS of (2.9) gives:

V-V

2

) —v X C=—0v(1—rc)Vw—gR+F. 2.19)
Proceeding now with taking the curl gives:

= (Vv 4 VIV TR X V(1 -r) + VXE (215

The third term is called the baroclinic term because it is nonzero when surfaces of con-
stant pressure and constant temperature (or other thermodynamic field) intersect, indicating
that the two surfaces are inclined to each other (Holton 1992). The term represents, for ex-
ample, the differential forcing of parcels with different values of 8, in the direction of the
negative w-gradient. The first two terms are referred to as the barotropic terms, and the last
term is the non-conservative force contribution to the vorticity tendency (to be referred to
as the diffusion term for brevity).

Lines in the fluid that are everywhere tangent to the vorticity vector are called vortex
lines. It can be shown that in the absence of baroclinity or non-conservative forces, vortex

lines must move with the fluid (Helmholtz 1858; Dutton 1995). In other words, if at some
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initial time a vortex line segment is composed of a set of fluid parcels, at all later times
the set of fluid parcels will still be a vortex line segment if the fluid is always barotropic
(i.e., there is no intersection of pressure and temperature surfaces) and there are no non-
conservative forces acting.

We will now consider the Boussinesq modified momentum equation (2.13). Taking the

curl gives:

Z—f=—C(V-V)+(C-V)V+VH7TIXaai:O-R+VHBXE+VXF. (2.16)

With respect to tornadogenesis, the vertical component of this equation is most relevant:

% =-C(V-v)+(-V)w+V xF|.. .17

Because of the Boussinesq approximation, vertical vorticity cannot be generated directly
from baroclinic effects. Remaining are the vertical component of the diffusive term and the
barotropic terms. The quantity —(.9w/3z in the first barotropic term cancels (.0w/0z in

the second, leaving:

dc-

P —((V -vu) + (- Vw+V xF|.. (2.18)

The first term can be referred to as the convergence term. When vertical vorticity is
already present, horizontal convergence will lead to a further increase in vertical vorticity.
When the horizontal convergence is constant following an air trajectory, the air parcel’s ver-
tical vorticity will increase exponentially. This is the most general and basic explanation for
the rapid formation of extreme vorticity values in tornadoes (the details will be addressed
in this study); what is not explained is how vertical vorticity is generated where none had
existed previously. Also, because the derivative occurs in a parcel-following framework,

it does not necessarily follow that the vertical vorticity at a fixed point will exponentially

increase because of the presence of constant horizontal convergence at that fixed point.

10
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The second term is referred to as the ‘tilting” term. Essentially it shows that when hori-
zontal vorticity exists in the presence of a horizontal gradient in w, the horizontal vorticity
will be ’tilted’ into the vertical direction. This term is the one generally invoked to explain
tornadogenesis; it then becomes necessary to explain the presence of the updraft gradient
and the horizontal vorticity. Once vertical vorticity is generated, the convergence term can
explain the subsequent increase in vertical vorticity to tornadic values. It should be noted,
however, that when the vorticity vector is neither completely vertical nor completely hor-
izontal, the convergence term also contributes to changing the vorticity vector direction,
and the tilting term contributes to changing the vorticity vector magnitude; thus care must
be taken in the interpretation of these processes. (Davies-Jones 1982; Grasso 1996; Finley
1997).

The horizontal vorticity equation derived from the modified momentum equation (2.13)
has the form:

SH 0.0 ~ "

The first two terms are the barotropic terms, and the last is the diffusion term. The third term
becomes zero when a base state 6, is chosen to be independent of height, which is a valid
option provided 6, /6, is not much different from unity. If §, /0,0 is significantly different
from unity, either a new reference state should be chosen, or the assumptions leading to the
Boussinesq modified momentum equation (2.13) are questionable. The fourth term is the
baroclinic contribution to horizontal vorticity; in the Boussinesq modified system, it acts in

a direction perpendicular to and to the right of the buoyancy gradient.

11
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2.4 Compressibility

If one assumes that the model is incompressible such that V - v = 0, then the vertical

vorticity equation (2.18) can be written as:

dc’ = cz —+(Ca- V)w+V xFl-. (2.20)

Thus the presence of vertical divergence, increasing w with height, can exponentially in-
crease vertical vorticity. Hence the convergence term is usually referred to as the 'stretch-
ing’ term.

RAMS is not an incompressible model, but generally the three-dimensional divergence
of the motion field is small. To find out how RAMS treats three-dimensional divergence,
one can take the divergence of the equations of motion (2.13):
au)‘* _ (av)2 _ (W) [auau dw Bu E)wav] aB

i(V—v) = —|=— — — +—+ =
dt B ox dy 0z 0rdy 8z 8z Oy 0z 0z

_V - (6,0V7) +V -F. @.21)

Even if one assumes that the three-dimensional divergence is zero at a particular time, the
terms on the first line of the RHS show that the effects of advection and buoyancy can
create three-dimensional divergence. It is also seen how 7 and diffusion can cause V - v to
become non-zero.

Meanwhile the three-dimensional divergence causes a change in the density through

the continuity equation:

-v. v=—(ln 0 =22 nm) - t(an,,) (2.22)

RDt

in terms of the conventional thermodynamic variables of RAMS (see Appendix A). The
treatment of this equation is simplified in RAMS and other numerical models by neglect-

ing the horizontal =’ advective terms and the local 6. tendency term on the RHS, leaving

12
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cv/(Rmo)8n’ /8t as the most significant term (Klemp and Wilhelmson 1978).2 A local =’
tendency equation results, given by

o __a
= —H(V-v), @23)

where 2 = ¢,RT0/c, is the square of the adiabatic speed of sound, and To,o = mofu0/Cp-
When the three-dimensional divergence in (2.23) is substituted into (2.21), the equation
produced resembles a forced wave equation for 7/, with c, as the wave speed.

In the limit as the speed of sound approaches infinity, the change in 7’ becomes arbi-
trarily large for any three-dimensional divergence over a given spatial and temporal scale.
Acoustic waves rapidly propagate outward, and tend to eliminate both V - v and its ten-
dency over advective time scales. In this state the atmosphere behaves as an incompressible
fluid, and 7’ satisfies the relation:

9 2

or
+Q-B— +V-F. 2.249)
0z

This is a Poisson partial differential equation that may be inverted for 7’ given the terms on
the RHS and the appropriate boundary conditions. This equation is useful for explaining
the formation of strong pressure gradients by supercells. While it is not an exact relation
for a compressible fluid, it will be approximately true when the terms on the RHS of (2.24)
exist for long timescales compared to the time required for sound waves to propagate from
the region. For computational efficiency purposes c; is artificially reduced by RAMS, but

is still generally over 150 m s~! in these simulations.?

2When there is a vertical variation in the density and 8,4 basic states, another term is retained in numerical
models, relating to the vertical advection of these basic states (Grasso, personal communication)

3Like Klemp and Wilhelmson (1978), RAMS also uses a time-splitting technique to maintain stability in
the horizontal dimensions, discussed in later chapters. Even with these modifications stability in the vertical
direction is not assured and often violated, so an implicit scheme is used to update the pressure from the
vertical velocities.

13
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If one assumes heuristically that the 7’ Laplacian term is proportional but opposite in
sign to 7’ itself (normally true for localized disturbances away from the boundaries), then
positive terms on the RHS of (2.24) tend to create low pressure, and negative terms tend
to create high pressure (Rotunno and Klemp 1982). Because of the linear nature of the
Laplacian operator, each RHS term can be considered to cause a contribution to 7/, and the
sum of these contributions gives the total 7’. All the terms except the last two reflect the
effects of advection on the Exner function; these are referred to as the dynamic forcing on
7’. The next two terms are the buoyant and diffusive forcings, respectively.

The dynamic terms in (2.24) are in a form such that the magnitude of the individual
terms is dependent on the choice of orientation of the x and y axes. It is possible to rewrite

them so that this is not the case. When this is done, the result is (see Appendix B):

V- (6,0V7) = > Vaw- -8 +°= +V.F, (2.25)

G- -D*_, [ 3"*1] 9B
9z

where incompressibility has been assumed, § is (Ju/0z + Ov/dy), and D is the magnitude

of the horizontal deformation,

v Ou ou  w\?
2 __ 1 - _—
b= (ax ay) (ax By) ’ (2.26)

Therefore, regions of vertical vorticity of either sign tend to be associated with low pres-
sure; regions of convergence/divergence and deformation are associated with high pressure.
One-dimensional shear lines in a two-dimensional fluid motion have equal magnitude vor-
ticity and deformation, and so they are not associated with dynamic pressure perturbations.
On the other hand, an axisymmetric region of constant vertical vorticity and no radial ve-
locity possesses zero horizontal deformation in its interior, and does tend to be associated

with negative dynamic pressure perturbations.

14
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2.5 Circulation

One disadvantage of only considering vorticity in connection with low-level mesocyclones
and tornadoes is that it is defined at a point. Along a near-discontinuity in the wind field
vorticity may reach large values. A better distinguishing mark of tornadoes might be an
area-averaged vorticity. Such a measure is the circulation, which is defined for a particular
closed curve C as

C= f v-dl 2.27)

c

By Stokes’ theorem, we have, equivalently,

C= / / ¢ -fdA, (2.28)
5

where S is the open surface enclosed by C. Thus the circulation measures an integration
over S of the component of the vorticity vector normal to S at each point. It is convenient
to work with because to compute the circulation around an area S all that is needed is the
value of v along the boundary of S.

Suppose one wants to find the material derivative of the circulation. The time integra-
tion of the material derivative of the circulation is the circulation around the curve formed
at all times by connecting the same fluid elements that composed the original curve (i.e, the

material curve). It can be shown that (Dutton 1995):

dC dv dv

e —_— - = 2

e T f (dl f -dl + j{ v-dv T -dl, (2.29)
c C

since v - dv = d(v?/2) which gives zero after integration around a closed contour. So the

circulation tendency equation can be found by simply substituting (2.9) into (2.29):

dC

E—_-f[—e,,(l—rc)Vw—ng-F] ~dl=/ [Vr x VO,(1 —r.) + V x F] - idA.
5

(2.30)

15
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The barotropic terms do not appear —only the baroclinic and diffusion terms can change

the circulation. In the Boussinesq version of the circulation tendency equation,

dC

E=f[—0,,oV7r’+ch+F] .dl

(o4

//[ k+VHBxk+VxF] ndA, (2.31)

circulation cannot be generated over purely horizontal surfaces, except possibly through
the diffusion term (Grasso 1996; Finley 1997). If we neglect V x F, and the 6,9 gradient
term is neglected as in ....(2.19), circulation can only be generated when there are horizontal

gradients of buoyancy along portions of S that extend in the vertical.

2.6 Eulerian Vorticity

The parcel-following or Lagrangian derivative of vertical vorticity is given by (2.18) for a
Boussinesq atmosphere. The time derivative of vertical vorticity at a fixed point in space

(Eulerian derivative) in this framework is thus:

?& =—(v- V) ~C(V-va) + Cu - V)w+ V x F|.. (2.32)

This can be rewritten as:

% - (i V)G —wk - (V x 28 v vH)+[—ag—xVHw+VxF] k.

(2.33)

The advection term has been separated into a horizontal and a vertical contribution, and the
tilting term ({gr- VIw = (aw/ay—a'u/az)(aw/az) + (Ou/0z—0w/dx)(Ow/dy) = —
(Ov/02)(Ow/Oz) + (Ou/0z)(dw/dy) = k - [dve/dz x V gw).

It has been noted that the RHS of (2.33) can be expressed as the convergence of a two-

dimensional vector (Haynes and MclIntyre 1987; Weisman and Davis 1998). The first and
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third terms in (2.33) can be immediately combined into —V - ((;vgr) by a vector identity
(Lewis and Ward 1989). Another vector identity involving the curl of the product of a scalar
and a vector reveals that V x (wdvy /0z) = w(V x8vyg/0z)+Vw x dvy/9=. Taking the
dot product with k gives k-V x (wdvy/92) = wk-(V x vy /8z) +k-(V gw x v /82).

Using these results, we can write (2.33) as:

. - ovu
W =-V. (C:'UH) k- [V X ’w—éz— V x F] - (2-34)
Using the useful relation:
V-(axk)=k-(V xa) (2.35)

allows the conversion of the curl terms into divergences (in fact, horizontal divergences):

a¢. ov, - -
Fi.- = _VH . [C::VH + (’wa_:l X ) + (k X F)] . (2—36)

The first vector on the RHS is a flux of vertical vorticity by the horizontal wind; it combines
the stretching and horizontal advection terms. The second vector is perpendicular to the
vertical shear vector, and is also proportional to the vertical velocity; it combines the tilting
and vertical advection terms. The third vector is perpendicular to the horizontal component
of any remaining force.

There are advantages and disadvantages to using the Eulerian as opposed to the La-
grangian method of describing vorticity evolution. The Lagrangian vorticity equation
definitively describes how an air parcel at a particular location acquired vorticity when
the equation is integrated backwards in time (provided all the assumptions are appropri-
ate). Using the Eulerian equation at a particular point might only provide the information
that the vorticity was advected from somewhere else. However, obtaining the values of the

terms in the Lagrangian equation requires knowledge of the position of the parcel versus
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time, which requires that one also perform a backward integration of the velocity versus
time. In an Eulerian numerical model such as RAMS, information at each time is only
stored for discrete points rather than for discrete parcels, so interpolation and approxima-
tion in determining the velocity and vorticity fields for a parcel are inevitable. The Eulerian

equation is more consistent with how vorticity is actually generated by an Eulerian model.

2.7 Eulerian Circulation

The circulation tendency around a horizontal Eulerian contour enclosing an area S can

simply be found by integrating (2.36):

ac Ve - ”
5t-=—//v- [szH-f-(w——a—ZExk) +(kXF)J dA. (2.37)
S

One can use this equation to describe how circulation is increasing around a region of a
storm, but if this is the case one should make sure that the horizontal velocities used are
with respect to a reference frame moving with the storm region in question.

It is also possible to write (2.37) in terms of a line integral about the boundary of C.
Relation (2.35) can be used to convert the cross product divergences in (2.37) back into the
vertical component of a curl. For the term involving (.vy, we can use the similar relation:

E-[Vx(axf()]=E-[-E(V-a)+g—aJ=—V-a, (2.38)

>
<

with the last equality valid if a is horizontal. Therefore, the integrand in (2.37) can be

written as:
% = / / V x [qzvn x k+ —w% + F] -kdA, (2.39)
s
and after applying Stokes’ theorem:
ac N ovy
ﬁ_fliszXR—wg-*-F].dL (2.40)
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In a discrete numerical model vorticity cannot strictly be computed at a point; what one
does in practice is compute the circulation around the appropriate planar grid cell, divide by
the area of the grid cell to find the average vorticity perpendicular to the grid cell plane, and
use this value as the vorticity component in that direction. So (2.40) has the advantage of
being applicable to finding the change in circulation around a horizontal grid cell, although
the component terms need to be interpolated to the horizontal grid cell circuit depending

on the model grid staggering scheme.

2.8 Diffusion

To this point the diffusive force F has not been treated in detail, mainly because its treat-
ment is not as mathematically clear as that of the other terms. In RAMS, this term can
include surface drag, vertical diffusion, and horizontal diffusion — the latter two may be
quite different because of the difference between the horizontal and vertical grid spacings.

If we assume an incompressible Newtonian gas, the fluid experiences a viscous force

F.m given by:

F, =19 [p,, (a“m + a“")] , 2.41)

p Oz, Oz,  OTm
where v is the coefficient of kinematic viscosity, and m,n are generalized indices in the
Einstein summation notation, such that F,,,, represents a viscous force vector with compo-
nents m = 1,2, 3, and the quantity within the brackets is the viscous stress tensor.
Generally the viscous stress is neglected for atmospheric motion because it is negligible
on the scales of interest. But the Reynolds’ stress due to turbulent motion is often not
negligible. Numerical models such as RAMS often model subgrid-scale momentum fluxes

by representing them as:
19 ou, Ou,
F’am = —— Kn -~ _— s 2-42
p Oz, [p ( oz, M OTm ) ] 242)
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where K, is the coefficient of "eddy viscosity’, and is a function of the atmospheric kine-
matics. It is subscripted by n to indicate that its treatment might be different for different
coordinate axes.

In the limit of a constant-K, constant-density fluid, the second term in (2.42) becomes
proportional to the gradient of the three-dimensional divergence, which would be zero in
this case. This term is neglected in a commonly-used version of the RAMS diffusion

scheme, based on that of Smagorinsky (1963); if we make this simplification, diffusion

_1 ad oun,
Fs1n = pal'n l:p[{n (_a_xj;)jl - (2-43)

Let us also assume that the density is only a function of the vertical coordinate, and that for

becomes:

n = 1, 2, the coefficient of eddy viscosity has the constant value of K. We are left with:

Pun 10 Oum
— t9 GUm 9
Fom K”ax,az, * pOz [pKv ( 0z )] ’ (244)

where [ = 1,2, and Ky is the vertical coefficient of eddy viscosity.

In (2.44) the first term can be termed horizontal diffusion; for a signal in the u,, field
where the horizontal Laplacian of u,, is roughly proportional to the negative of u,,, the
signal will be exponentially decayed. The second term acts as vertical diffusion when the
variation of p and Ky with height is neglected.

Taking the curl of (2.44) gives the diffusive tendency on vorticity. Considering the curl

of the horizontal diffusion term using vector algebra reveals that:

2 2
V x Viv ="V x [v%—ZZZ] =V x [(V(V‘V) -V x()- gzv]
32
=V% - a_zg = V3C. (2.45)

So the horizontal diffusion term simply diffuses vorticity of any orientation. Thus the terms

viscosity and horizontal diffusion coefficient will be used interchangeably in this chapter.
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2.9 Burgers Sheet and Vortex

Following Saffman (1992), assume that we have a zone of vertical vorticity in a region
where there is no large-scale variation of any quantity in the y direction, and where the
horizontal velocities do not vary in the z direction. We permit horizontal diffusion of the
form (2.45), and air is converging in the z direction into the vortex sheet. There is no
generation of vertical vorticity by either tilting or vertical advection because there is no
vertical shear of the horizontal velocity. If a steady state is achieved, the vertical vorticity
balance is between horizontal advection of vertical vorticity, convergent production, and

diffusive destruction, according to:

L _ ¢
= . 2.46
e = G+ K (246)
For constant K, this equation can be rewritten:
0 uC: a¢. ”
— =0, 24
p ( %o ) 0, (247)
which suggests that
uG: | 9
- 4
e T3z~ 6 (2.48)

where C(z) = 0 if the net vorticity flux is zero at infinity.
This is a first-order differential equation in z that can be solved for (. if u is given as
a function of z. Consider the case of uniform convergence into the vorticity sheet; then u

can be expressed as —az where a is a positive constant. The solution is then just

2
C: = Coexp ( ar ) - (249)

2Ky

This is Burgers vortex sheet (Burgers 1948). The vorticity has a maximum value along the

y-axis and follows a Gaussian distribution away from the axis. The characteristic e-folding
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width of the vorticity band is given by 5. = (2K /7). As the diffusion constant goes to
zero, the width of the band also goes to zero, becoming a tangential velocity discontinuity
in the limit of zero diffusion.

Of course, in the real atmosphere turbulent transport cannot in general able to be rep-
resented by the eddy diffusion equation (2.42). However, when convergence is continually
acting on a band of vorticity, some process must be invoked to explain why the vorticity
does not collapse into an infinitesimally narrow sheet. At times, it will be assumed in this
discussion that turbulent diffusion along vorticity bands in the real atmosphere can be ad-
equately described by horizontal diffusion of the form in (2.45) provided that the implied
characteristic Burgers vortex sheet width is of the same order of magnitude as the width of
the vorticity band in the real atmosphere.

One can also speak of the axisymmetric Burgers vortex, which is found in the same way
as the Burgers vortex sheet, with r, z replacing the dependent variables z, z. Here the radial
velocity component for uniform axisymmetric convergence 7 is given by —vr/2, and the

vorticity obeys:

= (. —-"/7‘2

with characterisstic radius (4K /7)'/>.
Both of these idealized models presuppose a source for the vertical vorticity. The Burg-
ers vortex possesses a finite but nonzero circulation I at large distances, which can be found

by integrating the vorticity over all space to infinity: the result is:

_ 4WC:.OI{ H
y .

r 251

It is generally assumed that ', like 7, can be determined by the conditions in the large-

scale environment. The maximum vorticity (;o then becomes inversely proportional to the
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square of the characteristic Burgers vortex radius. For a given large-scale environment (.o
is only a function of the diffusion coefficient; in the inviscid limit, a point vortex with finite
constant circulation is achieved.

Similarly, the Burgers vortex sheet can be integrated to infinity in the = direction to

provide a finite circulation per unit y-direction length, o, of (Neu 1984a):

o= (2”[{”) Ca, 2.52)

«

Nire

where o is specified by the environment.

2.10 Barotropic Instability

It was first demonstrated by Kelvin (1871) that if an infinitesimal wave-like perturbation
is introduced to an infinitesimally-thin vortex sheet in a two-dimensional, inviscid, incom-
pressible domain, the disturbance amplitude will grow exponentially. Hence a discontinuity
in the tangential velocity is unstable. This phenomenon is generally known as Kelvin-
Helmbholtz instability (Helmholtz 1868; Kelvin 1871).* In fact, it can be shown the smaller
the wavelength of the perturbation, the faster the growth rate (Saffman 1992).

Rayleigh (1880) considered the stability to wavelike perturbations of a long band of
vorticity of finite width, and no variation of the mean state along its length. He found
that a necessary condition for instability to infinitesimal disturbances was that an inflection
point must exist in the mean state tangential velocity profile, or equivalently, the mean
state vorticity gradient must change sign in the fluid. Because this process can occur with a

constant-density fluid, it is often referred to in atmospheric science as barotropic instability,

“The theory can also be extended to cover a discontinuity in fluid density. In atmospheric science, the
term Kelvin-Helmholtz instability is primarily used to describe the breakdown of a vertical shear layer in
the presence of thermal stability, which inhibits the instability unless the vertical shear reaches a certain
threshold.
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to distinguish it from baroclinic instability, which requires the presence of density gradients
(e.g., Hoskins et al. 1985).

The case of a thin band of constant vorticity surrounded by irrotational fluid can be
considered to be the limit of a case that satisfies Rayleigh’s criterion, such that there is a
large negative gradient of vorticity at the right edge of the band (when the band extends
lengthwise in the y direction), and a large positive gradient of vorticity at the left edge of
the band. It was found by Rayleigh (1880) that short-wavelength infinitesimal disturbances
were stable, but that exponential instability occurred under the influences of disturbances
with wavelengths greater than approximately 5Az, where Az is the width of the band of
vorticity. There is also a wavelength of maximum instability, at approximately 8Az, with
an e-folding growth time near 5/¢;, where (, is the vorticity of the band.

It is possible to model this problem as the effect of two Rossby waves generated along
the vorticity discontinuities at each edge of the vortex band (Guinn and Schubert 1993;
Montgomery and Kallenbach 1997). When the wavelength is large enough compared to the
width of the band, each Rossby wave is capable of inducing motion in the other wave such
that each wave is in turn amplified. In the latter stages of this process linear perturbation
theory no longer applies, but vorticity is seen to pool towards discrete centers, leaving thin
spiraling vorticity streams to connect the centers (Guinn and Schubert 1993; Schecter et al.
2000). (See Figure 2.1).

[t should be noted that in this barotropic instability model there is no vertical motion,
and no way to generate vorticity. Thus vorticity can only change at a point by horizontal
advection. Because the horizontal advection at a local maximum in the vorticity is zero,
the value of the maximum vorticity does not change within this model (Schubert, personal

communication).
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Figure 2.1: Vorticity bands in nondivergent simulation of intertropical convergence zone
(ITCZ) breakdown. From Guinn and Schubert (1993).
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2.11 Stretched Vortex Sheet Collapse

Corcos and Lin (1984) used numerical studies to examine the behavior of narrow vortex
bands with low viscosity subject to unidirectional uniform convergence, as in the Burgers
vortex sheet. They found that strong bands of vorticity showed a tendency to collapse into
a point (Figure 2.2). Neu (1984a) developed an analytical model of the collapse process,
and proved that the collapse occurs for a converged elliptical vortex region in the inviscid
limit (i.e., infinitesimally thin), and more generally for vortex sheets when the lengthwise
variation of ¢ is small compared to the convergence .. The collapse occurs because the vor-
tex region tends to rotate under its self-induced velocity until the large-scale convergence
advects all the vorticity of the sheet towards its axis of rotation (Figure 2.3).

When finite viscosity was taken into account, Neu found that the collapse of a converged

narrow vortex band was not assured, but only occurred when
lo| > 2(1/a)%. (2.53)

If it is assumed that to first order the narrow vortex band obeys the steady-state Burgers

vortex sheet relation for (.o, then we can express the instability criterion as:

W=

|Czol > (3> a (2.54)
T

Yet another representation of the instability condition comes from eliminating the viscosity
in (2.53) using the Burgers vortex sheet e-folding width:

a(sl/e

75

Generally, the collapse occurs when the maximum vorticity within the vortex band exceeds

(2.55)

lof >

the large-scale convergence (multiplied by a constant on the order of unity), or when the

large-scale circulation density exceeds the product of the large-scale convergence and the
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Figure 2.2: Collapse of a pair of counter-rotating vortices in a flow of uniform plane con-
vergence. From Corcos and Lin (1984).
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Figure 2.3: Depiction of vortex collapse process, according to Neu (1984a). The z-axis
denotes the axis of the vortex sheet. The top schematic shows the focusing of circula-
tion density, o, at three successive times. The middle schematic shows the corresponding
displacement of the vorticity strip from the z-axis, 7. The bottom schematic shows the
resultant velocity from the vector sum of the ambient convergence into the z-axis and the
self-induced rotation for an elliptical vortex patch.
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characteristic width of the vortex band. The end result of the collapse in the viscous case is
a Burgers axisymmetric vortex with its radius specified by the values of « and v, or equiv-
alently a and ;.. The circulation of the final vortex according to Neu is the circulation
excess of the vortex sheet, where the circulation excess is the difference between the actual
circulation density and the threshold circulation density given in (2.53), integrated over the
length of the vortex sheet that physically collapses.

Neu (1984b) showed that another factor that can hinder the collapse of an inviscid ellip-
tical narrow vortex region in convergent flow is the presence of two-dimensional straining
flow, i.e. a positive duv/dy in the setup of (2.46). He found that collapse generally occurred
when the semimajor axis length a was less than [['/(7(cy')"/?)]'/2, where + is dv/8y in
our formulation, and I is the total circulation of the ellipse. Except for a few specific ellipse
orientations, when a exceeded this threshold the ultimate result would be the extension of
the ellipse into an infinitely-long vortex sheet.

For these ellipses the vorticity is constant, and the circulation of the ellipses is given
by mab(., where b is the semiminor axis length. So the criterion for the collapse of the

circulation can be written:

a_ ¢l
5= ) &0
which can be rearranged to give:
a N\ 1/2
Gl > a7 (%) : 2.57)

This resembles the viscous collapse condition in that the vorticity must be large compared
to the convergence. Two aspect ratios appear, the ratio of the long axis of vorticity to the
small axis, and the square root of the ratio of the divergence along the long axis to the
convergence along the short axis. Roughly, collapse is facilitated when the convergence

field is more uniaxial than the shape of the vorticity patch.
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Multiplying both sides by b provides an equation in terms of o:
lo] > a'/?ay'*? (2.58)

Apparently, when the convergence is uniaxial such that + is zero, collapse is assured pro-
vided that a is finite, which reproduces the Neu (1984a) result. Conversely, any along-axis
divergence is sufficient to prevent the collapse of an infinitely long vortex band. The quan-
tity ay’*/2, like /2 in (2.53), serves to hinder the collapse process. If ¥ < 0 (both du/dz
and duv/ 3y are negative), then again collapse is assured.

Nolan (2001) showed in numerical simulations that an axisymmetric vortex in the pres-
ence of axial convergence is considerably more stable to perturbations than the same vortex
in an environment without axial convergence. This result, though somewhat idealized, sug-

gests that the concentrated stretched vortex is quite stable to dissipation once it forms.

2.12 Time-dependent Stretched Vortex Sheets

Consider a large scale, two-dimensional, viscous, irrotational flow with 8u/dz = —a and
0w/dz = v, where a and v are positive constants. By continuity, dv/8y = a — v. If
a = 7, as in the Burgers vortex sheet, the flow can be referred to as plane strain; for
a < v, such as the Burgers axisymmetric vortex, we have uniaxial strain; for o > 7,
as in the non-collapsing ellipses of Neu (1984b), we have biaxial strain (Moffatt et al.
1994). Assume that the flow possesses a superimposed vertical vorticity and corresponding
vorticity-induced velocity, but that neither is a function of either z or y. The governing

vorticity equation is (Saffman 1992; Sec. 13.3):

ac: aCZ - 3262
Fra 3 = ¥(: +v PR (2.59)
If we substitute w = (, exp(—~t), the equation reduces to
) 2
. ag% - +,,ZT‘;’. (2.60)
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Using a change of variables and the Green’s function for the time-dependent diffusion
equation, Kambe (1983) found the time-dependent solution to (2.60) given any sufficiently
bounded initial condition w(z,t = 0). Substituting for the original vorticity in his solution
gives:

. — &p(11) & -8
CZ(E': U t) 2«—/:C:O(quxp[ duT ] ' (2-61)

where (.o(z) = (.(z.t = 0), £ = ze*, and T = (> — 1) /2a.
In particular, if the initial vorticity has constant initial value of (; for —R < = < R,

and zero otherwise, the integration can be performed to yield (in terms of x and ¢):

Gz, t) = C_°elt [erf ( (B — “at)‘/‘_') +erf ( (B+ “’eat)‘/aﬂ : (2.62)

Vv 2v(e2at — 1) V2 (et —1)

Here erf(z) is the error function, defined by:

2 2 1.3 1.5
erf(z) = \/_/ dz = \/7—1' [x -3 + 0 ] . (2.63)

If we consider the limit as ¢ becomes large compared to 1/2c, so that the exponential

terms dominate in the denominators, we get a solution for large times of:

[ (\/‘(R - ) +erf (&(Re‘“‘m))] (2.64)

If we also assume that ¢ is large compared with In(R/z)/ca, a more stringent requirement

Gz, to) =

near the y-axis, we can expand the error functions as Taylor series about +z\/a/2v. From
the integral of (2.63), we have erf(u+a) = erf(u)+a(2//T)e™*" whena << u. Therefore,

we obtain:

[ N
+erf ( 2ua:) + Re Y 7re:xp ( 55 )] . (2.65)
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The two error function terms cancel because they are odd functions, leaving:

2 —az?
Co(Tr too) = Goe" ™R ;%em( ;’y ) (2.66)

Note that even along the y-axis where In(R/z) is infinite, this equation is still valid at all
t provided that R in (2.64) is much larger than 6,/ = (o/ 21/)§, the characteristic Burgers
vortex sheet width (this can be seen by applying the first term on the RHS of (2.63) to the
small argument of the error functions).

For a = + it is seen that at long times a steady state is approached, corresponding to the
Burgers vortex sheet. The significance is that any initial unidirectional zone of vorticity, if
subjected to plane strain, will tend to form a Burgers vortex sheet, if it is not one already.
A finite segment of the Burgers vortex sheet may then break down into vortices by the Neu
(1984a) mechanism. If o # ~ the vorticity dependence on z is the same, but no steady-
state is achieved; the amplitude grows exponentially for uniaxial strain (y > «), and decays
exponentially for biaxial strain (7 < a).

Now consider the case when ¢ is small compared to 1/2a. In this case, the denominators
of the error functions in (2.62) are near zero. Unless we are near z = £R, the vorticity is

simply
C:(z, t) = (peerf(oo) = (pe™, (2.67)

Until ¢ is on the order of 1/2c, exponential growth in vorticity will occur when v > 0; the
actual value of « is not involved before this characteristic time.

The following scenario is thus suggested for the behavior of a unidirectional band of
vorticity with width 2R in a constant straining field. If dw/9z is positive, the band will
contract towards the axis while the vorticity exponentially increases. This will continue

at least until time on the order of 1/2a From the large time equation (2.66), we have a
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1

maximum vorticity of (oR(2a/7v)z if we allow t = 0. It is suggested, then, that the
vorticity will continue to increase in the vortex patch for y > 0, until the maximum vorticity
along the axis of convergence has increased by a factor of R(2a/1w)%, or (2//x)(R/d.).
After that value has been reached, the vorticity will continue to exponentially increase in
uniaxial strain, though at a reduced rate. In biaxial strain, however, the vorticity will begin
to exponentially decrease from the maximum value — its maintenance would depend on

vorticity being continuously supplied from the lateral boundaries.

33

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 3

HISTORICAL BACKGROUND

3.1 Observations

The search for the source of the extreme values of velocity and vorticity (up to 2 s~ ac-
cording to Lemon and Doswell 1979) found in tornadoes has occupied atmospheric science
researchers for decades. As early as the 1940s, Brooks (1949) noted that a number of torna-
does were accompanied by regions of significant reduced pressures on scales much larger
than the actual tornado. He introduced the concept of the tornado cyclone, and surface
observations have since confirmed the presence of rotating cloud features on a scale of
several kilometers prior to tornadogenesis (Burgess and Donaldson 1979; Bluestein and
Golden 1993). Brooks theorized that the contraction of a tornado cyclone could account
for the vorticity found in a severe tornado even if frictional losses to the ground removed
half of the angular momentum in the process. Fujita (1963) used the term mesocyclone to
refer to circulatory features on a scale larger than that of the tornado but too small to be
represented in synoptic analyses.

Browning (1964) noted that a significant fraction of severe storms in the northern hemi-
sphere (including tornadic storms) differed from conventional convection in qualitative
ways, particularly in that they essentially consisted of large single cells (now denoted as

supercells) that continuously propagated to the right of the mean wind at all levels in the
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mid-troposphere, persisting for hours. Using radar reflectivity data, he was the first to de-
velop a model of the supercell thunderstorm. His Severe Right (SR) storm develops in an
environment with strong wind shear and a hodograph that veers with height, and moves
to the right of the mean tropospheric wind. This behavior causes warm, moist, low-level
air to exit and drop precipitation ahead of the storm, with cyclonically turning streamlines
existing within the updraft. Dry mid-level air tends to have a component towards the right
rear flank of the storm (see Figure 3.1). This air evaporatively cools and forms a downdraft
that descends on the left rear flank of the storm. As this air diverges near the ground it lifts
warm, moist air ahead of it, enhancing the inflow towards the storm. However, since the
storm-relative component of the downdraft flow, as well as the location of the precipitation,
is well away from the inflow sector, the inflow is generally not interrupted and the cell can
become nearly steady-state. Features of this storm identifiable on radar include a weak
echo region (WER) within the updraft at low and mid-levels, and a precipitation-caused
hook-shaped echo at low levels. The WER is the result of the updraft being so intense that
precipitation particles do not have time to grow to significant size until they have reached
high levels in the storm. The hook echo is located near the edge of downdraft in a region
of large hail, with rain becoming more prominent towards the forward flank of the storm.
Tornadoes had been recognized as occurring in association with hook echoes (Garrett and
Rockney 1962); the development of the supercell model explained the association as the
result of the supercell structure being the origin of both.

Barnes (1970) was one of the first to propose an explanation for the origin of the su-
percell rotation. He invoked the concept of vortex lines, which are tangent to the vorticity
within the fluid; their density is proportional to the magnitude of the vorticity. Under cer-
tain conditions (see Chapter 2), vortex lines merely advect with the fluid. In the supercell

environment, the vertical wind shear implies the presence of horizontal vortex lines; when
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Figure 3.1: Depiction of airflow in a supercell. From Browning (1964)
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these lines are advected into the supercell by the updraft, they are tilted upwards and create
vertical vorticity.

The development of Doppler radar made possible the detection of mesocyclones from
a distance and confirmed their existence within the thunderstorm well above cloud base
(Donaldson 1970). Actual tornadoes were too small to be resolved by operational Doppler
radar at any typical range. However, a distinctive Doppler signal known as the Tornado Vor-
tex Signature (TVS) was found to nearly coincide with the 1973 Union City, OK tornado at
ground level (Burgess et al. 1975). The TVS contains strong wind shear across successive
azimuthal gates (20 m s™!), no more than 1 km in range depth and several kilometers in
height, persisting for around ten minutes. It was found that the TVS originated at midlevels
(3-7 km) within the storm mesocyclone and then built both upwards and downwards. The
descent of the TVS to the surface nearly coincided with the initiation of tornadic damage
(Brown et al. 1978).

Using these and other observations, Lemon and Doswell (1979) further refined the pic-
ture of the supercell. They found that the model proposed by Browning (1964) is typical
of the first stage of the supercell storm. In the next stage, the storm develops a bounded
weak echo region (BWER), in which a region of low reflectivity is completely surrounded
at a given height by regions of high reflectivity. The BWER represents the core of the
updraft possessing the greatest updraft velocities of the storm at that level; the hydromete-
ors in this region have had less time within the storm to grow than those on the periphery
of the updraft core, resulting in lower reflectivities. Meanwhile a mesocyclone becomes
apparent in the region of the BWER, from 5-8 km above ground level. The mesocyclone
appears to Doppler radar as a region of solid body rotation 5-10 km across with vorticity
values near 0.01 s~! (Burgess et al. 1982; Brandes 1984). At this time the storm often

produces its largest output of hail to the surface. The final stage in supercell development,
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the collapse phase, is associated with strengthening downdrafts and weakening updrafts
and BWER. But this is also the time that significant tornadoes are most likely to develop.
During the collapse phase, the mesocyclone tends to migrate upwind from the updraft core
to the boundary between the updraft and a region known as the rear-flank downdraft (RFD),
in proximity to the hook echo. In their schematic of the supercell thunderstorm near the
time of tornadogenesis (Figure 3.2), Lemon and Doswell clearly distinguish between the
precipitation-cooled forward flank-downdraft (FFD) and the cooler, drier RFD. The RFD
and 'divided mesocyclone’ are seen to descend towards the surface together, and it is spec-
ulated that this process is closely associated with the formation of the hook echo and tor-
nadogenesis. The descent of the TVS was also linked to that of the divided mesocyclone.
This picture suggested that, while the original midlevel updraft mesocyclone might
intensify due to convergence, the formation of the tornado itself might be due to a com-
pletely different mechanism, probably involving tilting because it tends to occur along the

updraft/downdraft gradient.

3.2 Supercell Modeling

In the mid-1970s, the growing sophistication of computer cloud models made it possible
to attempt simulations of supercell thunderstorms. The model of Schlesinger (1975) was
one of the first cloud models used for three-dimensional simulations, which is necessary
to the proper simulation of supercells. His model was of coarse resolution (horizontal
grid spacings of 3.2 km), did not include precipitation microphysics, and was anelastic.
In an anelastic model V - (pov) = 0 where p; is generally a function of z only; sound
waves cannot exist in such a model. A density-weighted divergence of the momentum
equations leads to an elliptical equation for the pressure perturbation similar to (2.24). The

elimination of sound waves was an advantage because it allowed the model to use relatively
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STORM MOTION

Figure 3.2: Plan view of tornadic supercell. Thin dots denote regions of updraft whereas
thick dots denote regions of downdraft. Thick line is region of radar echo. The location of
the tornado is marked by a T. From Lemon and Doswell (1979).
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long time steps that normally would have produced sound wave instabilities, which would
have crashed the model.

Schlesinger was able to create a vortex couplet a few kilometers above the surface by in-
troducing a thermal plume in an environment with unidirectional wind shear. This showed
that vertical vorticity could be produced by the presence of an updraft in an environment
with vertical wind shear. However, it was not consistent with observations of supercells
with an updraft dominated by the presence of vorticity of only one sign, usually positive.

Another of the early three-dimensional computer models developed to investigate the
evolution of convection was that of Klemp and Wilhelmson (1978a). Their model was not
anelastic, which required them to use a smaller time step with the pressure equation to
prevent sound wave instability. However, the fact that the model was fully compressible
made possible the explicit prediction of the pressure and the simplification of many of the
numerical algorithms. They performed a number of simulations with Kessler rain micro-
physics at 1 km horizontal grid spacing and S00 m vertical grid spacing; these were the
first simulations capable of producing storms with supercellular features. Klemp and Wil-
helmson used horizontally-homogeneous simulations; an atmospheric sounding conducive
to convection was assumed to represent the vertical profile of the atmosphere throughout
the model domain. Actual model convection was initiated by introducing a 'warm bubble’
(a region of elevated temperature) in the center of the domain at the simulation start.

In an initially unidirectional shear environment Klemp and Wilhelmson were able to
simulate convection that subsequently split into two members. Storm-splitting was a phe-
nomenon that had been observed and documented in the literature (Fujita and Grandoso
1968). In the numerical model, the weakening of the updraft that led to the splitting was
caused by the presence of water loading in their Kessler microphysics scheme. The two

updrafts were mirror images of each other when the Coriolis force was not included, and
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rotated in opposite senses. The cells separated from each other while demonstrating devi-
ate motion; the right-mover displayed many of the characteristics of the severe right-mover
model of Browning, including a cyclonic updraft, counterclockwise hooked-shaped down-
draft, off-hodograph movement, and long lifetimes.

In an accompanying paper (Klemp and Wilhelmson 1978b), the authors were able to
demonstrate that when the environmental hodograph turned clockwise with height, the de-
velopment of the right member storm was favored, whereas a counterclockwise hodograph
favored the left member’s development; the Coriolis force was not a significant factor in
producing asymmetries between the two storms. Thus the preference for cyclonic super-
cells in the Northern Hemisphere was shown to be due to the predominance of clockwise
hodographs and not directly due to the rotation of the Earth.

Based on the Klemp and Wilhelmson simulations, Rotunno (1981) was able to explain
how tilting could produce an updraft possessing vorticity predominantly of one sign. Con-
sidering for simplicity an environment with unidirectional westerly wind shear, the initial
buoyant bubble bulges vortex lines upwards such that positive vorticity is found on the
south side of the updraft whereas negative vorticity is found to the north. After a downdraft
splits the convection, two storm result, each with positive vorticity to the south and nega-
tive vorticity to the north. But at low levels convergence occurs beneath the inflow in the
updraft whereas divergence occurs in the central downdraft. Thus the positive vorticity of
the southern storm is preferentially enhanced, while the northern storm’s negative vorticity
is enhanced.

Davies-Jones (1984) would give a more rigorous treatment of the rotation of supercells
in the isentropic case. He defined a displacement parameter that represents the vertical
distance the (horizontal) environmental isentropes are displaced upwards; the displacement

is positive in a buoyant plume. The vertical velocity and vorticity are proportional to the
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dot products of the displacement gradient with the horizontal plume-relative velocity and
horizontal vorticity, respectively. Thus supercells with strong correlations between vertical
velocity and vertical vorticity occur in environments where the storm-relative wind and
horizontal vorticity vectors are nearly parallel in the inflow. A disadvantage of using this
method to forecast supercells is that the storm motion relative to the ground either must be
known or estimated from the environmental conditions a priori.

Meanwhile Schlesinger (1980) investigated the splitting process in more detail using a
version of his model with rain microphysics. He found evidence that downdrafts initiating
the splitting developed on the flanks of the cloud condensate field, and trajectory analy-
ses of parcels within these downdrafts showed that they possessed low equivalent potential
vorticity, not typical of surface-based parcels. Thus, it was suggested that, in addition to
condensate loading, an important component to the storm splitting process was the evap-
orative cooling of midlevel air!. But, most importantly, each nascent vorticity center of
the unsplit storm was associated with a low pressure region. These low pressure regions
produced a number of effects: the low pressure centers dynamically induced a downdraft
between them, and kinematically the vorticity centers caused a flow field that brought low
6. between them. Furthermore, the low pressure centers created upward pressure gradient
forces beneath them. The net effect was a tendency to convert the initial storm updraft into
two updrafts that propagated away from each other.

The elliptic pressure equation was then written as:

aP 1 0 ¢
2P _ _g__ - [ . -~ (_ 7
v YoRaTo 9z . Rapofo [V [~po(v- V)V +poF] +g 2z \ g + %
7]
+95- —Pofh)} ; G.D

!Clark (1979) also found in his simulations that entrainment also could be a cause of storm splitting.
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where P = Top’ /Bopo. Yo = ¢/ s, F is the frictional force, a = 0.61, ¢, is the water vapor
mixing ratio, and ¢; is the liquid water mixing ratio. The terms within the large brackets on
the right-hand side are referred to as the dynamic, hydrostatic, and drag-induced forcings,
respectively. Because it is linear in P, it is possible to invert the equation for P using
each of the forcings separately and then to add the three solutions to obtain the total P.
Thus one can define P = Ppyy + Py + Pprac and determine which term, if any, is
making the dominant contribution to a given pressure feature. By following this procedure,
Schlesinger found that the low pressure centers associated with the vortices were dynamic
in origin (associated with the vorticity squared term (2.25)).

Rotunno and Klemp (1982) used a similar procedure to develop the theory for why
the right-moving storm member possesses the stronger development in environments with
clockwise-tuming wind shear vectors, even at the earliest stages. They derived the follow-

ing version of (3.1):

he o cp (20 A 50) _ (30)° (30)! (0
= dz 9z  dz Oy Oz dy z

(auaw Ov Bw 3u3v> OB

o (=22 L 27T L TR L2
(9z8x+azay+é)y8x +Bz’

3.2)

where it has been assumed that the model wind field can be decomposed into a base state en-
vironmental wind (U(z), V(z),0) and a perturbation wind (u, v, w) caused by the thermal
bubble. Non-conservative forces have been neglected, so all the terms are dynamic terms
except the last, which Rotunno and Klemp termed the buoyancy term. The dynamic terms
have been decomposed into the non-linear terms that are second-order in the perturbation
variables, and the linear term —2((dU/dz)(0w/9x) + (dV/dz)(Ow/dy)) that involves the
environmental shear vector. It is expected at least in the initial stages of convection that the

linear term should be dominant in determining the pressure.
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The nonlinear term suggests that a localized, axisymmetric region of vorticity is asso-
ciated with low pressure, regardless of the sign of the vorticity. This is consistent with the
results of Schlesinger (1980). The linear term suggests that the pressure is lower downshear
of an updraft. Thus, if the environmental shear turns clockwise with height, the pressure
will tend to decrease with height on the flank of the updraft to the right of the low-level
shear vector. This normally corresponds to the right-mover in the case of storm splitting.
The decrease in perturbation pressure with height adds an additional vertical acceleration
that may be enough to sustain the storm along this flank. The left-mover, however, finds
its growth inhibited by a downward perturbation pressure force. Rotunno and Klemp were
able to invert the pressure equation in 2 numerical simulation and show that the linear term

was indeed critical to the dynamics of their simulation.

3.3 Low-Level Vorticity

Davies-Jones (1982) noted that, whereas the origins of the mesocyclone coincident with
the updraft core of supercells seemed well explained by the tilting of horizontal environ-
mental vorticity by the updraft, this explanation was not sufficient to explain the origin of
tornadic vertical vorticity near the ground because the vertical velocity gradients there are
weak (prior to the existence of the tornado of course). Either vertical vorticity would have
to be diffused towards the surface in an updraft, or low-level vertical vorticity would have
to be transported to the surface somehow in a downdraft. Davies-Jones also showed in an
idealized case that the magnitude of the vorticity vector would tend to increase exponen-
tially in the direction of the primary axis of dilatation; in the case of a purely axisymmetric
horizontally-convergent flow, the primary axis of dilatation is vertical.

The simulation of tornadic supercell case studies using a storm-resolving numerical

model began with Klemp et al. (1981), who used the same model and setup as Klemp and
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Wilhelmson (1978a) in order to investigate the Del City tornadic storm of 20 May 1977.
A composite of two hodographs observed in the vicinity of the Del City storm was chosen
to initialize the model. They succeeded in modeling the evolution of a supercell that rea-
sonably resembled the Del City storm. Significant vorticity was generated near the 'triple
point’ of the storm close to the surface, at the boundary between updraft and downdraft.
Klemp and Rotunno (1983) then decided to repeat the simulation with a 250 m fine grid
introduced at 3600 seconds encompassing the surface vorticity maximum. The low-level
vorticity (reaching values of 0.06 s—!) was found to develop separately from the mid-level
mesocyclone, suggesting that its formation was due to a different process. Klemp and Ro-
tunno proposed that the low-level vorticity was generated as air parcels approached the
vortex along trajectories near and parallel to the forward flank gust front. Streamwise hori-
zontal baroclinic vorticity thus was acquired by the air parcels, and was converted by tilting
into vertical vorticity when the updraft was reached. Convergence beneath the storm’s up-
draft would further enhance the vertical vorticity. One limitation of the simulation was that
the vertical grid spacing remained at 500 m, so that a free slip lower boundary condition
was required and a detailed analysis of near-surface dynamics was precluded. Another
limitation was that the nested grid was one-way interactive, so the fine grid could only be
integrated a limited amount of time before the fine grid conditions diverged significantly
from those of the surrounding coarse grid. While the low-level vorticity was intensifying, a
downdraft surged counterclockwise from the RFD around the low-level mesocyclone to its
east side. This was termed the occlusion downdraft, and its origins were linked to dynamic
forcings induced by the strong low-level rotation near the ground.

To test their hypothesized mechanism of low-level vorticity formation, Rotunno and
Klemp (1985) performed an idealized horizontally-homogeneous simulation with a straight-

line hodograph. By removing the effect of hydrometeor evaporation they were able to
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demonstrate that an evaporatively-cooled downdraft was necessary to form low-level vor-
ticity. They also explicitly performed a backwards-trajectory analysis of a material contour
enclosing the vorticity center, and showed how the change in circulation around the contour
was consistent with the integrated baroclinity about the contour.

Davies-Jones and Brooks (1993) performed another investigation of the formation of
low-level vorticity in a supercell simulation because, while the importance of storm-generated
baroclinity to generating horizontal vorticity was acknowledged, the authors did not see
how this process could result in significant vertical vorticity because of the argument of
Davies-Jones (1982). They performed a material curve analysis of the supercell simula-
tion of Brooks et al. (1993). This simulation involved a version of the Klemp-Wilhelmson
model with 1 km horizontal grid spacing, 200 m vertical grid spacing, and an idealized
hodograph formed by joining a low-level semicircular hodograph and an upper-level straight
line hodograph. The authors confirmed that the largest values of horizontal vorticity, five
times larger than the environmental values, were found in the vicinity of the storm gust
front. The trajectory analyses showed that parcels acquired negative vorticity as they de-
scended in the downdraft, but then the sign of the vorticity switched to positive at the
lowest model level. This was explained by Figure 3.3. If parcels possessing streamwise
environmental vorticity enter a downdraft, tilting induces negative vertical vorticity. In the
absence of baroclinity, the vortex lines would simply follow the trajectories, but because
of baroclinity the horizontal vorticity vectors make less of an angle towards the ground
than the trajectories. Once the parcels approach the ground, a positive updraft gradient ex-
ists in the direction of the trajectory (because the vertical velocity increases from negative
values towards zero). This tilts horizontal vorticity (which has been continually produced

by baroclinity during descent) into positive vertical vorticity. The key difference between
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this scenario and that of Rotunno and Klemp (1985) is that parcels obtain positive vertical
vorticity within the downdraft, rather than after they begin ascending the updraft.

Brooks et al. (1994) performed more idealized supercell simulations to examine the life
cycle of the low-level mesocyclone. They found a link between the low level and midlevel
mesocyclone, but only an indirect one. They argued that when the midlevel vertical wind
shear was weak compared with the midlevel mesocyclone, precipitation would be wrapped
around the mesocyclone and fall in the vicinity of the updraft. Low level vertical vorticity
would at first rise rapidly due to tilting of baroclinically-generated horizontal vorticity.
However, because of the volume of evaporated precipitation, the supercell would become
outflow dominated: the gust fronts would rapidly surge ahead, cutting off the inflow to
the storm and disrupting the steady-state nature of the Browning (1964) conceptual model.
Thus, the low-level mesocyclone would not be persistent in this case. A persistent low-level
mesocyclone required the more midlevel wind shear compared to midlevel mesocyclone
strength. Under the proper conditions precipitation would be distributed farther from the
storm updraft, leading to a delay in the development of low-level vorticity, but a more
steady-state storm, and persistent low-level mesocyclone, would also result.

At the same time Walko (1993) performed idealized simulations of a vortex using the
Regional Atmospheric Modeling System (RAMS). Instead of a supercell, a zone of heating
was used to initiate dry convection. Three grids were used with horizontal grid spacings of
1600 m, 400 m, and 100 m; the vertical grid spacing was 20 m near the surface. A semi-slip
lower boundary condition was utilized — the horizontal wind at the lowest model level is
used to compute a surface stress, and this surface stress is in turn used in the computation
of the vertical stress gradient that decelerates the wind. The environment was varied to
incorporate cases with both ambient horizontal and vertical vorticity. Walko found that a

strong axisymmetric vortex could form near the surface because of convergence, but only
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Figure 3.3: Depiction of the tilting of baroclinically-generated horizontal vorticity into
positive vertical vorticity within a downdraft. From Davies-Jones and Brooks (1993).
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in the cases where low-level vorticity was introduced in the initialization. Otherwise the
generation of a significant vortex at the ground required the presence of downdrafts. This
supported the arguments of Davies-Jones (1982) and Davies-Jones and Brooks (1993) that
updraft tilting alone was not sufficient to generate significant low-level vorticity. However,
baroclinity was not a positive contributor to the vorticity in these simulations; the role of
the downdrafts was to tilt environmental horizontal vorticity into the vertical along the

boundary between updraft and downdraft.

3.4 Tornadic Scales

Also using a descendant of the Klemp-Wilhelmson model, Wicker (1990) followed the
procedure of Klemp and Rotunno (1983), and introduced a fine grid into the supercell
simulation of Wilhelmson and Klemp (1981). The horizontal grid spacing was now 70
m, and the vertical grid spacing was stretched upwards from a minimum of 50 m near
the ground. It was found that the near-ground vorticity could reach values of 0.35 s~ if
a semislip lower boundary condition was used, and a vortex persisted for a few minutes.
Near-surface friction had prevented the tangential wind from achieving cyclostrophic wind
balance, and the induced radial inflow concentrated and increased the strength of the vortex.

Wicker and Wilhelmson (1995) introduced a two-way interactive nesting scheme into
their model, which allowed them to begin a fine grid nest tens of minutes before the low-
level vorticity peaked in the corresponding one-grid simulation. This reduced the sensitivity
of the vorticity evolution to the actual spawning of a nested grid. This and other refinements
enable the authors to analyze in some detail the evolution of low level vorticity within a fine
grid of 120 m horizontal grid spacing (the coarse grid possessed 600 m grid spacing). The
minimum vertical grid spacing was 120 m, but still not fine enough to justify deviating

from a free-slip boundary condition. The sounding used at initialization was a composite
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of three tornadic cases. The storm produced the characteristic rear flank downdraft and
hook echo. The fine grid was spawned after 70 minutes of simulation; within the next 40
minutes two successive tornadic-strength vortices (ground-relative wind speed 60 m s™!,
pressure deficit 15 mb) developed. The tornadoes lasted approximately ten minutes each
and formed as the low-level mesocyclone contracted. It was found that for at least the
second vortex the contraction was associated with a dynamically-induced vertical pressure
gradient force associated with an initial increase in circulation at a height of 1.5 - 3 km,
which is slightly above cloud base. The near-surface circulation remained nearly constant
during the contraction phase.

Wicker and Wilhelmson also performed backward trajectory analyses from the tornado.
Similar to Rotunno and Klemp, they found that the baroclinic generation of vorticity along
the forward-flank downdraft, and subsequent tilting into the vertical, was crucial. Unlike
Davies-Jones and Brooks (1993), however, they found no evidence that vertical vorticity
became positive before the parcels entered the updraft, to the limit of their model’s vertical
resolution.

At about the same time Grasso and Cotton (1995) used RAMS to perform a three-
grid simulation using the Del City, Oklahoma sounding. The horizontal grid spacings for
the grids were | km, 333 m, and 111 m. The vertical grid spacing was 25 m near the
ground, and the lower boundary condition was semislip. At a semislip lower boundary
the horizontal velocity is not constrained to zero, but is subject to retarding force due to
parameterized turbulent momentum transfer. The model also possessed bulk mixed-phase
microphysics. The resultant supercell developed similarly to previous modeling studies,
and eventually a vortex was formed with 51m s~! storm relative winds at the surface and
a pressure deficit of 12.6 mb. The maximum pressure deficit occurred at a height of 365

m. Near the surface, the wind field was mostly convergent towards the vortex due to the
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presence of surface friction. The low pressure deficit seems to first become apparent near
cloud base along the updraft/downdraft boundary in response to an increase in the total
vorticity there. The decreased pressure aloft will cause an increased convergence beneath;
this subsequently amplifies the low-level vorticity and decreases pressure at this new level.
In this manner the pressure deficit region descends towards the surface.

For this process to occur there initially must be a source of low-level vorticity. Parcels
possessing low-level vorticity were found to descend cyclonically in the precipitation down-
draft, suggesting that the vorticity was generated baroclinically within the downdraft, but
more detailed trajectory analyses were not performed.

Although there are some differences in the descriptions, tornadic vortices of similar
strengths at similar resolutions are formed in the Wicker and Wilhelmson and Grasso
and Cotton simulations. In both cases a source of low-level vorticity is required, pre-
sumably downdraft- produced baroclinity, but the precise location of vorticity generation
either could not be determined or occurred too close to the surface to be adequately re-
solved. Once low-level vorticity was spawned, the actual generation of the tornadic vortex
was initiated by dynamically-induced convergence beneath a mesocyclonic feature located
near cloud base; thus it was required that this mesocyclonic feature and the near-surface

baroclinically-generated vorticity be in close proximity to each other.

3.5 Horizontally-Heterogeneous Simulations

Grasso (1996) next applied RAMS to the simulation of a couple of tornadic case studies
using the model’s horizontally-heterogeneous mode. The coarse grid encompassed most of
the continental United States, and was initialized with synoptic data at 75 km resolution.
Four nested grids, including grids that were allowed to follow the movement of convection,

permitted the simulation of supercell thunderstorms at 1 km grid spacing, and six nested
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grids permitted the simulation of tornadic vortices at 111 m grid spacing. In this manner it
was hoped to examine the formation of the tornadic cases of 1991 May 15 in Luverne, Ok-
lahoma and 1991 Apr 26 in Redrock, Oklahoma. No warm bubble was required to initiate
the storms, as the synoptic forcings and surface characteristic gradients (soil moisture, land
use type, etc.) accomplished this. In the Redrock case, the successive nestings did produce
a tornadic vortex with wind speeds at the surface exceeding 100 m s~!, which was compa-
rable to what was observed in the actual tornado (Bluestein 1993). There were differences
in evolution between the observed and modeled parent storms, however; the modeled storm
stayed in the vicinity of the dryline whereas the observed storm became tornadic well away
from the dryline.

For both vortices, the maximum vorticity values developed first at the surface, and then
built upwards. A circulation analysis was attempted for the tornadoes but complicated by
the movement of the modeled grids. It was found that the main source of low-level vertical
vorticity was the tilting of horizontal vorticity in the downdrafts within a few hundred
meters of the surface.

Finley (1997) also performed two horizontally-heterogeneous simulations using six
nested grids with the same grid spacings as those of Grasso (1996). The cases simu-
lated were the May case of the Grasso study and the 30 Jun 1993 HP supercell case of
Kansas that was associated with weak tornadoes. The first case produced a tornado on the
finest grid that developed secondary vortex circulations within the parent vortex, similar
to a larger version of the secondary vortices often observed with observed tornadoes (Fu-
jita 1970; Forbes 1978). The 30 Jun 1993 simulation produced two weak tornadoes that
developed from near the surface upwards; the first was located along the gust front but
away from the midlevel mesocyclone. A circulation analysis was performed on the 333 m

fifth grid for a material curve that was advected backwards in time until it encountered the
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grid boundary at 18 minutes. During this period of time the baroclinic contribution to the
circulation around the curve was negligible, and, if anything, slightly negative. Evidently
the tornado formed by the convergence of circulation already present in the environment
at the earliest time attainable in the circulation analysis. The second model tomado in the
June case formed near the mesocyclone in a bow-echo-like structure, and was also sub-
jected to a circulation analysis for 18 minutes. It was revealed that, because of surface
stresses, the circulation around the material curve actually decreased as it converged to-
wards the tornado. Again, this demonstrated that the low-level circulation already existed
at the beginning time of the analysis. Trajectory analyses of individual parcels showed that
both tilting and convergence were important to increasing the vertical vorticity of parcels
reaching the tornado. The vorticity increases occurred for parcels entering the tornado from
both the updraft and downdraft sectors; as in Wicker and Wilhelmson (1995), the source of

vertical vorticity immediately above the surface remained unexplained.

3.6 Recent Observations

The Verification of the Origins of Rotation in Tornadoes EXperiment (VORTEX) was a
field project that took place in the southern Great Plains over the 1994 and 1995 severe
storm seasons (Rasmussen et al. 1994). For the project observational platforms were
poised to converge on potentially tornadic supercells to follow their evolution in unprece-
dented detail. These included a mobile mesonet (Straka et al. 1996), the airborne ELectra
DOppler RAdar (ELDORA) (Wakimoto et al. 1998), and mobile 3-cm (Wurman et al.
1996) and 3-mm (Bluestein et al. 1995) Doppler radar. The goals of the experiment were
cast in terms of scientifically verifiable hypotheses concerning tornadogenesis and related
processes; therefore, the documentation of otherwise promising supercells that failed to

produce tornadoes was also important. Though the 1994 season was notable in its lack of
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tornadic storms over the field project region, a number of tornadic supercells were captured
by the VORTEX platforms in 1995.

Rasmussen and Straka (1996) were able to use the mobile mesonet to achieve kilometer-
scale resolution of the surface conditions during the formation of the powerful Dimmitt
tornado of 2 June 1995. Immediately prior to the formation of the tornado, they noted the
presence of an intense low-level mesocyclone that had already been ’occluded’ by an ex-
tension of the RFD. Most of the downdraft had near-surface 6. values, suggesting that it
was evaporatively-cooled low-level air, except for a core of low-, air with origins near 700
mb. An inflow low (caused by the interaction of the updraft and environmental wind shear)
was present in advance of the storm; the low-level mesocyclone was nearly encircled by a
ring of high pressure. During the tornado, the RFD surged eastward, and high temperatures
were found in the RFD to the south-southeast of the tornado, suggesting that air parcels
been dynamically forced to descend dry-adiabatically. The dissipation stage was associated
with the arrival of the low-0, air at the tornado vortex. In a proposed synthesis, the authors
suggest that the occlusion of the tornado cyclone by downdraft preceded tornadogenesis,
but it was suggested that the origins of the occluding downdraft was dynamically-driven
by the already extent low-level mesocyclone, similar to the Klemp and Rotunno (1983)
hypothesis. Because of the occlusion, inflow air could not reach the region of tornadogen-
esis, so the vorticity had to be generated elsewhere. It was first proposed that the occluding
downdrafts carried the vorticity needed for tornadogenesis. During the entire lifetime of
the storm there were almost no gradients of temperature at the surface (except for those in
the dynamically-driven occlusion downdraft), in contrast to the scenario of Rotunno and
Klemp (1985). However, temperatures were 10°C warmer at Lubbock to the south. It
was later found that a surface thermal boundary was present 15-25 km south of the storm,

and that the storm had in fact crossed the boundary about thirty minutes prior to the first
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analysis time (Rasmussen et al. 2000). So, it was then suggested that the baroclinity of
the boundary could have generated horizontal vorticity that could after tilting serve as the
source of vorticity needed for tornadogenesis.

Wakimoto et al. (1998) used ELDORA to capture in dual-Doppler analysis the hour-
long evolution of a low-level mesocyclone into a tornado near Garden City, KS on 16
May 1995. They clearly showed that the low-level mesocyclone and midlevel mesocyclone
developed separately 8-10 km apart, but then merged into the main updraft. A dynamically-
forced occlusion downdraft began to form within and just to the east of the mesocyclone
twenty minutes later. After another twenty minutes, the occlusion downdraft had reached
30 m s, and tornadogenesis occurred. Wakimoto and Liu (1998) observed the tornado
form in a ring of vorticity surrounding the occlusion downdraft, and propose that the tor-
nadogenesis process was analogous to "vortex breakdown’ occurring in the low-level meso-
cyclone (Rotunno 1984), caused by sufficient "swirl’ in the outer flow.>

Also notable were the null cases: significant supercell thunderstorms that showed evi-
dence of strong low-level mesocyclones, but failed to produce tornadoes. Three such cases
were documented by Trapp (1999); they all possessed strong mesocyclones within a few
hundred meters of the ground that persisted at least fifteen minutes, but none produced
a tornado. He speculated that some reasons for tornadogenesis failure include the devel-
opment of an outflow-dominated storm, too great a stability in the boundary layer, and
the absence of a lifting force such as a favorable dynamic pressure gradient or sufficient
buoyancy.

Blanchard and Straka (1998) had used ELDORA, DOW (Doppler On Wheels), and

mobile mesonet data to examine a supercell that formed in Beaver County, OK on 8 June

2It has since been noted that true vortex breakdown is not necessary to explain the descent of a
dynamically-induced downdraft within the mesocyclone (Trapp 2000).
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1995. This was the first storm that formed (1845 UTC) on a day that would later see
powerful tornadoes develop in the Texas Panhandle. This particular storm produced large
hail? and an intense low-level mesocyclone, but only a brief funnel cloud developed during
its lifetime. Blanchard and Straka postulated that the low level buoyancy in the environment
may have been too weak to generate the vertical accelerations needed for tornadogenesis.

Wakimoto and Cai (2000) examined a powerful supercell that developed on 12 May
1995 near Hays, KS that never underwent tornadogenesis despite the presence of a low-
level mesocyclone with vorticity values exceeding 0.04s~!. There was even an occlusion
downdraft, and a comparison between this storm and the Garden City storm revealed few
differences (Cai and Wakimoto 1998). Greater precipitation amounts in the Hays storm
may have led to the deeper cold pool reported for that storm (2.3 km vs. 1.4 km for the
Garden City storm), but a strong inflow kept the storm steady state, instead of outflow-
dominated (Brooks et al. 1994). The Hays low-level mesocyclone was slightly larger and
possessed a tangential wind speed that decayed less rapidly with radius than the Garden
City mesocyclone, which more closely followed the 1/r profile of a potential flow far field.
They also noted that both storms exhibited a pressure minimum near 2 km, but only in the
tornadic Garden City storm did the pressure minimum descend to the surface. However,
it was not clear how either of these differences were related to the presence or absence of
tornadogenesis.

These results suggested that the kinematical differences between the tomadic low-level
mesocyclone and the non-tornadic one might be extremely subtle, possibly not resolv-
able by either existing observational platforms or cloud-scale numerical models. Thus
efforts were intensified to try to find some observable environmental parameters that could
distinguish between tornadic and non-tornadic storms and make the forecasting problem

tractable.
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3.7 Idealized Simulations

Wicker (1996) performed a couple of idealized simulations using the model of Wicker and
Wilhelmson (1995), now known as the COllaborative Model for Multiscale Atmospheric
Simulation (COMMAS) model. Both simulations used identical hodographs, with the same
magnitude of vertical wind shear. However, in one (R0O) the horizontal vorticity vector was
directed towards the southwest in the lowest 333 m, whereas in the other (R1) the vorticity
vector was directed towards the northwest. The simulation was run with | km horizontal
grid spacing and vertical grid spacing decreasing to 100 m at the surface. Both storms
exhibited similar updraft speeds and upper level structure, but the maximum low-level (be-
low 1 km) vertical vorticity surged after 6000 seconds of simulation in R0, increasing from
0.015s7! t0 0.035 s~! in a ten minute period. Nothing comparable occurs in the R1 simu-
lation before 9000 seconds. Thus the importance of very low-level vertical wind shear was
demonstrated. It was proposed that in RO, unlike R1, the low-level environmental vorticity
was parallel to the direction of baroclinic vorticity generation along the forward flank gust
front, so that the generation of baroclinic vorticity had more of a "head start’ in that case.
Markowski et al. (1998) did a climatology study of the tornadoes observed during
VORTEX-95. They found that over 70% of the reliably reported tornadoes were associ-
ated with surface thermal boundaries not generated by the supercell itself. This suggested
that in general surface boundaries were required to increase low-level horizontal vorticity
through baroclinic effects; such a region could then cause a tornado to form in a mature
supercell that passed though it. A hypothesis was formulated that parcels in the vicinity of a
surface thermal boundary had longer residence times in the baroclinic zone than parcels in
the supercell’s forward flank downdraft, which would be necessary to achieve the low-level

horizontal vorticity values necessary for tornadogenesis for all cases except those with the
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strongest large-scale horizontal vorticity. This lent more support to the importance of the
amplification of large scale low-level vorticity. Possibly also significant would be the pres-
ence of increased vertical vorticity as well as enhanced convergence along the boundary.

With this in mind, Atkins et al. (1999) performed simulations of superceli-boundary
interactions using the COMMAS model. The grid spacing was 500 m in the horizontal,
and the lower boundary condition was free slip. The intent was to replicate the conditions
of the Garden City storm, which did in fact move along a mesoscale cold pool boundary.
One portion of the model domain was initialized with a sounding characteristic of the warm
sector of the case, and a storm was generated by the introduction of a warm bubble. The
model storm was then allowed to propagate into the second portion of the model domain,
which had a vertical sounding characteristic of the cold pool. The model frontal zone
was 4 km wide, and possessed vertical vorticity due to the wind shift across the boundary.
Simulations were performed both with and without the cold pool, and with variations in the
boundary orientation and temperature gradient.

Atkins et al. found that low-level vorticity formed much earlier in simulations with the
cold pool present, and storm updrafts were more intense. The maximum updrafts resulted
when the storm motion was parallel to the boundary, and the maximum vertical vorticity
formed when storm motion was either parallel to or slightly away from the boundary. (The
cold pool surged forward as a density current throughout the simulation, and thus could
interact with the warm-sector storm even when the storm’s motion had a component di-
rected away from the boundary.) Presumably these results showed that updraft intensity
and low-level vorticity were greatest when the time of interaction between the storm and
boundary was maximized. In the boundary simulations, low-level vorticity was subjected
to a backward-trajectory analysis, and it was found that far more parcels in the vorticity cen-

ter originated in the cold pool ahead of the storm forward-flank downdraft than from the
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forward-flank downdraft itself. Both baroclinity and pre-existing vertical vorticity along
the boundary were important to the subsequent generation of strong vertical vorticity in
these simulations. Interestingly, though, it was found that neither varying the boundary
temperature gradient nor the cross-boundary horizontal wind shear had much of an effect
on the vorticity evolution as long as they exceeded certain minimum thresholds.

Adlerman et al. (1999) performed a simulation with 500 m horizontal grid spacing and
as small as 100 m vertical grid spacing near the ground. The model used was the Advanced
Regional Prediction System (ARPS), with warm Kessler-scheme microphysics. Free slip
boundary conditions were applied at the surface. The initialization was from the Del City
sounding used by the Klemp and Rotunno and Grasso and Cotton studies. They found
that their low-level mesocyclone dynamically initiated an occlusion downdraft; once this
downdraft reached the surface, it enhanced convergence and led to a rapid intensification of
the mesocyclone. The modeled storm was seen to produce a peak in low-level vorticity after
6600 seconds, which subsequently decayed, but re-intensified by 11400 seconds. The more
rapid intensification of the second vorticity maximum was explained by noting that initially
the cold pool & contours were oriented so that little of the horizontal vorticity generation
was streamwise, until cyclonic trajectories and low-level acceleration developed; after the
first occlusion, however, the § contours remained in a position well suited to the creation

of streamwise vorticity.

3.8 Models of Tornadogenesis - DPE and NST

Trapp and Davies-Jones (1997) used an idealized axisymmetric model to investigate how
a vortex would form in the presence of ambient convergence and vorticity fields. They
found that when convergence of vorticity was strongest aloft, a vortex descended to the

surface via the ’dynamic pipe effect’” (DPE) mechanism (Leslie, 1971). In this process,
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radial convergence into the vortex continues to increase the vorticity until the winds are
in cyclostrophic balance with the pressure deficit associated with the vortex. At this point
radial convergence stops, and air is drawn up into the pressure deficit from below. This
causes horizontal convergence of vorticity to begin below the vortex, and the process con-
tinues at progressively lower levels. The significance of the Trapp and Davies-Jones study
is that they found that when the vorticity convergence is greater near the ground, or nearly
constant throughout the depth of the column, the vortex spins up nearly simultaneously
across its depth, without the siow descent associated with the dynamic pipe effect.

Trapp et al. (1999) have since classified observed tornadic events into those with a de-
scending tornado vortex signature (TVS), and those without descending TVSs. Trapp and
Mitchell found that about half of the tornadoes studied were not accompanied by descend-
ing TVSs. If these are associated with the two modes of tornadogenesis described in Trapp
and Davies- Jones, then the implication is that a large fraction of tornadoes form rapidly
and little or no radar warning may be possible.

Lee and Wilhelmson (1997a) had investigated non-supercell tornadogenesis (hence-
forth referred to as NST) using a dry semislip numerical model. They simulated a north-
south cold pool boundary with 100 m grid spacing in both the horizontal and the vertical
directions. Winds were southerly on the warm side of the boundary, with speeds increas-
ing with height; the cool side was motionless initially. A transition zone in 6 and winds
existed between the two. As time progressed, the cool air propagated towards the warm air
as a density current. A vortex sheet with (... = 0.025 s™! developed. Random thermal
perturbations were introduced into the transition zone. 'Lobe-and-cleft’ instabilities were
seen to form underneath the head of the density current due to unstable stratification; these
served as triggers for barotropic horizontal shearing instability to begin. Vortices were

apparent by 1000 s approximately every 2-3 km, although some would later merge. By
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around 2000 s, the vortices were highly occluded, and began to dissipate. The differen-
tial velocity across the vortices reached 25 ms™, and circulation reached 55000 m? s™!.
Near the ground stretching also was significant towards intensifying the vortices, and even
nearer the ground surface friction caused significant horizontal vorticity that was tilted into
the vertical by the convergence into the vortex. Without surface friction, the vortices were

more elongated and occluded.

3.9 Tornado Climatologies

Rasmussen and Blanchard (1998) used over six thousand 0000 UTC soundings from 1992
to determine which sounding forecast parameters such as mean shear, storm relative helic-
ity, CAPE, etc., could best distinguish between three categories: ordinary thunderstorms,
non-tornadic supercells, and tornadic supercells.’ As expected, parameters such as storm-
relative helicity served well to distinguish supercell soundings from ordinary thunderstorm
soundings, but were less effective at distinguishing tornadic from non-tornadic supercelil
soundings. The most effective parameters at distinguishing between tornadic and non-
tornadic supercells were various combinations of CAPE and vertical shear (especially the
energy-helicity index (EHI)), and measures of low-level buoyancy such as the lifting con-
densational level (LCL) and convective inhibition (CIN). Tornadoes were associated with
large values of both CAPE and SRH; furthermore, the mean LCL height was considerably
less for tornadic supercells (800 m) than for non-tornadic supercells (1200 m). Tornadic
supercells had average CIN values of 12, compared with 35 for non-tornadic supercells.
However, CAPE immediately above the LFC was not a good discriminant between the two.

The implication is that the thermodynamics below cloud base (e.g, the potential negative

3Actually, the criteria for distinguishing the categrories were the presences of significant cloud-to-ground
lightning but no severe weather, large hail but no significant tornadoes, and significant tornadoes.
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buoyancy of the downdrafts) are more important to tornadogenesis than the thermodynam-
ics above cloud base, where dynamic forcing might be more important.

Markowski et al. (2000) performed a climatology of 30 storms possessing hook echoes
from 1994-1999. Eighteen of these were associated with tornadoes; of the other twelve,
eleven had mesocyclones at the surface. The mobile mesonet was used to sample the
thermodynamic field of the RFDs accompanying these hook echoes. It was found that
non-tornadic RFDs generally had large deficits in both 8, and 8. when compared to the
low-level environmental air (about 8 K and 12 K, respectively). Toradic cases had aver-
age 0, and 6, deficits of 3 K and 7 K, and tended to have positive CAPE values for the
lifting of the RFD air. Otherwise, little difference was noticeable between tornadic and
non-tornadic low-level mesocyclones. As in Rasmussen and Straka (1996), it was found
that occlusion occurred prior to tomadogenesis. Tornadogenesis failure in cold-RFD cases
seemed less associated with the surging of the occluding downdrafts ahead of the storm,

and more associated with the resistance of the downdraft air to being lifted by the storm.

3.10 Current Research Goals

As can be seen much has been learned and accomplished already in terms of understand-
ing the formation of tornadoes. But there are still some difficult questions. As might be
expected, the final transition from low-level mesocyclone is still poorly understood. This
stage occurs on a scale to small to have been resolved by essentially any numerical storm
simulation, and by any observational study until very recently. It is not clear if the fairly-
well answered question of the origin of the low-level mesocyclone is also the answer to the
question of the origin of the tornado. The close similarity of the low-level mesocyclones be-
tween certain tornadic and non-tornadic supercells, however, would lead one to conclude

that something more is involved. The Markowski et al. and Rasmussen and Blanchard
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studies would suggest a thermodynamic influence. The Trapp and Davies-Jones study em-
phasizes the role of dynamical vertical pressure gradients, which are also implicated in the
Wicker and Wilhelmson and Grasso and Cotton modeling studies. However, the Grasso
and Finley studies produced powerful vortices with little apparent forcing from above.

The goal of this study is to increase understanding of how a powerful vortex might
be generated using the RAMS model, or at least how a powerful model vortex might be
generated. It is hoped that the factors that favor the development of a strong vortex are
identified. In order to accomplish this, the modeling studies of Grasso (1996) and Finley
(1997) will be simplified considerably, so that only a supercell in idealized environments
will be discussed. Of course, the problem cannot be simplified to the extent that a powerful
vortex does not develop. We also do not have the resources to perform simulations with
grid spacings adequate to resolve a typical tornado, although we have come close (55 m
horizontal grid spacing, 40 m vertical grid spacing). Therefore, like all previous studies
we will have to use arguments of plausibility to relate modeled vortices to atmospheric
tornadoes. Fortunately, in our simulations we have found a qualitative difference between
a low-level mesocyclone and a distinctly more axisymmetric, concentrated vortex.

A second question is inherently contained in this procedure: can the intensity of the
Grasso and Finley vortices be reproduced by an idealized model, or are the specific mesoscale
features in their horizontally-variable simulations required to explain the strength, or even
the existence, of the vortices? Finally, there is the question of whether any of the means that
a numerical model may develop a "tornado-like vortex’ (there may be several) are related
to real tornadoes, or if they are artifacts of the numerical algorithm (such as grid nesting).

We will address these issues in later chapters.
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Chapter 4

BASELINE SIMULATION

In this section one particular simulation that produced a fairly-strong low-level vorticity
center will be analyzed in some detail. This simulation generated a right-moving supercell
thunderstorm that resembled those in the literature, and under the influence of baroclinity
exhibited a persistent low-level mesocyclone along the gust front. However, the low-level
mesocyclone exhibited a stage in which the vorticity rapidly increased in magnitude and
became concentrated into a closed circulation with a sharply decreased central pressure and
vertical continuity. The analysis of this process will also serve as a basis of comparison for

other experiments to be presented.

4.1 RAMS Model

RAMS is a non-hydrostatic, compressible model of the primitive equations which com-
bined the modeling efforts of a non-hydrostatic cloud model (Tripoli and Cotton 1982) and
a hydrostatic mesoscale model (Mahrer and Pielke 1982). The model contains predictive
equations for u, v, w, the Exner function 7, ice-liquid potential temperature 6;;, and various
species of water substance (see for example Pielke et al. 1992). The ice-liquid potential
temperature is a potential temperature that includes the presence of hydrometeors and is

conserved in the absence of radiation, diffusion, or hydrometeor sedimentation (Tripoli
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and Cotton 1981). The horizontal coordinates are either Cartesian or polar-stereographic,
and in the vertical a terrain-following o, coordinate is utilized (Gal-Chen and Sommerville
1975). An Arakawa-C grid (Arakawa and Lamb 1981) defines the variables; the u, v, and
w wind components are staggered one-half positive grid length from the scalar variables.
Two-way interactive nested grids (Clark and Farley 1984) may be spawned within any other
grid.

These simulations use a subgrid parameterization based on that of Smagorinsky (1963),
using modifications to the vertical diffusion introduced by Lilly (1962) and Hill (1974). In
the Smagorinsky scheme the diffusive flux of a quantity is proportional to its gradient, so
that the diffusive forcing involves a second derivative. The characteristic of the Smagorin-
sky scheme is that the constant of proportionality, the eddy diffusion coefficient, is propor-
tional to the magnitude of the velocity deformation. There is also a factor that is a function
of the grid spacing.

In the horizontal direction a certain minimum value of the eddy diffusion coefficient
regardless of deformation is specified by the user, in order to minimize numerical noise.
For this simulation, the horizontal diffusion coefficient was simply made a constant in
order to simplify the analysis. There was no significant difference found when compared
with simulations performed using the standard RAMS diffusion.

The microphysics scheme used is that of Walko (1995). The scheme uses seven cate-
gories of condensed water species: cloud water, rain, pristine ice, snow, aggregates, graupel
and hail. These species are assumed to follow size distributions which obey gamma func-
tion with a user-specified width parameter v. For v = 1, the distribution is exponential
with size, whereas higher values of v create increasingly narrower modes in the size dis-
tribution. Mixing ratios for all species except cloud water are predicted by microphysical

equations. The mixing ratio of total water is also predicted. The mixing ratio of cloud water
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is diagnosed by assuming that condensation occurs until 100% water saturation is reached.
The number concentration for pristine ice is predicted by nucleation equations (Meyers et
al. 1992). The number concentrations for other species are determined in this study either
by specification (cloud water) or by diagnosis from the mixing ratio and the specification
of the mean hydrometeor diameter (rain, snow, aggregates, graupel, hail).

These simulations are highly idealized. The effects of radiation and surface fluxes were
switched off. The experiment to be presented is also free slip. As discussed in the back-
ground section, previous simulations of low-level mesocyclones in the literature have been
predominantly free slip. It has been found difficult to use model surface drag to produce
a noticeable effect on a supercell’s cold pool and not adversely affect the model environ-
mental winds (Wicker and Wilhelmson 1995). Furthermore, it has been argued that in the
presence of a strong pressure gradient the logarithmic surface wind profile used to compute
the stress in a semislip model is only applicable very near the surface (Lewellen 1993).
Nonetheless it is freely acknowledged that the absence of surface effects is a shortcoming

of the simulation.

4.2 Initial Convection

The simulation described here was horizontally-homogeneous within a domain consisting
of 150 x 150 grid points at 333 m horizontal grid spacing. In order to eliminate the spawning
of fine grids as a possible trigger for the concentration of vorticity, only one grid was used
in the initial simulation. However, at a later point in the analysis a simulation containing a
111m fine grid was performed. There were 35 vertical grid levels whose spacing increased
away from the ground, increasing from 40 m to a maximum of 2 km. Because the lowest

level model quantities (except for w) are defined below the surface’, for most variables the
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Figure 4.1: Skew-T log-p diagram showing vertical sounding used in model initialization,
based on Grasso (2000).

lowest level is at a height of 19 m. A timestep of 2 seconds was used for the coarse grid
and 0.5 seconds for the subsequent fine grid.

The vertical atmospheric structure was derived from a sounding used by Grasso (2000)
in his idealized supercell simulations (Figure 4.1). The sounding is highly unstable and
possesses great amounts (over 4000 J) of Convective Available Potential Energy (CAPE).
There is a moist layer near 800 mb; above this the atmosphere rapidly becomes much drier.
The hodograph neither possesses pure speed shear or directional shear, but some character-
istics of both; above approximately three kilometers the shear increases in magnitude and
becomes largely westerly. The surface pressure is given as 990 mb.

Convection was initialized through the introduction of a warm bubble in with a tem-
perature perturbation of 2 K and additionally a 20% increase in water vapor content. The

extent of the bubble was 10 km x 10 km in the horizontal and 1500 m in the vertical. In
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order to keep the convective activity from translating out of the domain, a constant storm
velocity of u = 6 m s™!, v = 13 m s~! was subtracted from the hodograph at the time of
initialization.

Full bulk microphysics was used, but because the simulation was idealized and on short
time scales, neither radiation schemes nor surface fluxes were incorporated in the simu-
lation. Furthermore, for simplicity and to facilitate comparisons with previous idealized
modeling studies, surface drag was not used in these simulations.

The convection that formed split into two member storms, a right-mover and a left-
mover. Consistent with previous simulations in the literature (e.g., Klemp and Wilhelmson
1978a), the right-moving member displayed a strong correlation between positive vertical
vorticity and vertical velocity, whereas in the left-moving storm they are anti-correlated
(Figure 4.2). The correlation between vertical vorticity and vertical velocity has now been
proposed as the best defining characteristic of the supercell (Doswell and Burgess 1993).

Attention was focused on the right-moving storm for the remainder of the simulation,

and the left-moving storm gradually propagated out of the model domain.

4.3 Low-Level Vorticity Intensification

By 2700 s the low-level vorticity has reached mesocyclonic strength along the gust front
(Figure 4.3), usually defined to be 0.01 s~ (Brandes 1984). Figure 4.4 shows that this
region possesses a strong gradient in 6 and noticeable deformation in the wind field. The
low 6. values indicate that the air behind the gust front has origins near 3 km. Horizontally,
the midlevel air is centered about two regions associated with the two member storm down-
drafts. To the north of the right-mover storm the zone of deformation continues along the

boundary of the low-level and midlevel 6, air. However, to the east of this zone there is a

68

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



L = J110 M, L/UuU 3

N fngs —— @ (m/0)
thich fngs. == varticity (573

Figure 4.2: Vertical velocity (thin contours) and vertical vorticity (thick contours) at 2700
s and 5116 m above surface within Grid 1. Domain is 50 km x 50 km. Contour increments
are 10 m s™! for vertical velocity and 0.01 s™! for vertical vorticity.

region of near-surface 6, values but with depressed 6, suggesting that the air here originates
near the surface, but is evaporatively-cooled by precipitation.

The horizontal vorticity field (Figure 4.5) indicates that in the region of maximum low-
level vertical vorticity the horizontal vorticity is mainly directed towards the northwest due
to the wind shear in the environment. The horizontal vorticity that is induced baroclinically
by the cold pool is easy to identify because it is significantly larger in magnitude and rotates
clockwise around the cold pool. The location of vertical velocity also suggests where
convergence along the gust front is most intense (figures showing gust front convergence
will be shown later).

Model code was written to output the location of the maximum vertical vorticity at
each timestep after 2700 s for four different heights, as well as the value of that vorticity

maximum. The four levels used were k =2, 6, 10, and 14, with model heights of 19 m, 234
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Figure 4.3: Potential temperature (thin contours), rain mixing ratio (medium contours)
and vertical vorticity (thick contours) at 2700 s and 19 m above surface within Grid 1.
Contour increments are 1 K for potential temperature, 1 g kg™ for rain mixing ratio, and
5 x 1073 s~ for vertical vorticity.

Z =19 m, 2700 s
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Figure 4.4: Equivalent potential temperature (shaded), potential temperature (contoured in
I K increments), and vortex-relative streamlines at 2700 s and 19 m above the surface. The
meaning of vortex-relative is given in the text.
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Z = 234 m, 2700 s
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Figure 4.5: Vertical velocity (contoured in 1 m s~! increments) and horizontal vorticity
;/se;:t_olrs at 2700 s and 234 m above the surface. The unit of the reference horizontal vorticity
m, 608 m, and 1263 m, respectively. As an example, a plot of the j coordinate of the 234
m vorticity maximum is shown in Figure 4.6. During some periods the vorticity maximum
simply translates with a relatively constant velocity, suggesting that it is a single entity. At
other times, the location experiences a discrete 'jump’ to a new location, indicating that a
new location of vorticity has amplified and exceeded the vorticity value of the old location.
Such a jump occurs at 3202 s.

Figure 4.7 is a plan view where the vorticity maximum location is plotted for each 30
s increment at the four heights, beginning with 2700 s. All the maxima generally move
eastward with time; this can be used to determine the temporal sequence of the marked
locations. Initially the maxima at the different heights are scattered across the grid, and
the largest 1263 m value is even located in the downdraft of the left-mover for a while.

However, eventually the maximum vorticity at all heights jumps to a single location that
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Figure 4.6: North-south location of 234 m vorticity maximum in single grid simulation
versus time.
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height | time of jump
1263 m 3062s
608 m 3154s
234 m 3202s
1I9m 3222s

Table 4.1: Simulation time when maximum domain vorticity becomes located at the verti-
cally co-located vorticity center shown in the later stages of Figure 4.7, for 19 m, 234 m,
608 m, and 1263 m above the surface.

translates steadily to the southeast relative to the grid. This location is near the northern tip
of the inflow sector, which is typically the region that supercell tornadoes develop (Lemon
and Doswell 1979). The time that this final jump occurs for each level is shown in Table
4.1; it is seen that the jump first occurs at the highest levels, and by 3225 s has reached the
surface.

The value of the maximum vorticity experiences drastic changes during this period,
as is apparent from Figure 4.3. The vorticity, already well above the standard mesocy-
clonic threshold, increases fivefold in 300 s. The vorticity 'surge’ occurs at all levels but is

strongest near the surface, reaching values of 0.14 s~!.

4.4 Vorticity Jump

What is the reason for the jumps in vorticity? Figure 4.9 shows the ¢ = 3100 s vertical
vorticity at 608 m, near the time of the vorticity jump at this level. At this time there
are two discrete vorticity centers of approximately equal magnitude, the northernmost of
which will eventually dominate. From the plot of convergence (Figure 4.10) it can be seen
that the convergence (and hence the stretching tendency on vertical vorticity) is no greater
at the northernmost center than at the southern, so some other mechanism must account
for this center’s later predominance. A clue is provided by Figure 4.11, which shows the

vertical motion field and the horizontal vorticity vectors. The southern vorticity center is
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Figure 4.7: Grid position of maximum domain vertical vorticity, in 50 s increments after
2700 s. open squares — 19 m; crosses — 234 m; closed squares — 1263 m. Motion is to the

east with time.
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Figure 4.8: Maximum vorticity within model domain versus simulation time for 19 m, 234
m, 608 m, and 1263 m above the surface.
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Figure 4.9: Vertical vorticity at 3100 s and 608 m above surface. Contour increment is
3x1073s7L.

located in the most favorable position for positive tilting of the environmental vorticity
vectors directed towards the northwest, assuming that the center obtains its vorticity from
easterly inflow. However, much larger is the magnitude of the vorticity vectors associated
with baroclinic generation along the gust front. These vectors are positioned for positive
generation of vorticity to the northeast of the northern center, and negative generation to the
southwest. However, the vortex-relative inflow' is from the northeast, so presumably tilting
is a positive source of vorticity for this location. A plot of the vortex- relative streamlines
and tilting term (Figure 4.12) confirms that there is positive tilting in the inflow of the
northern vortex but not in the southern, assuming that streamlines can serve as a surrogate
for trajectories. By 3300 s, the northern vorticity center has clearly become dominant
(Figure 4.13).

Thus, we have a scenario where the appearance of significant baroclinically- produced

!The vortex-relative velocity is found by subtracting the grid-relative northern vortex velocity from the
grid-relative velocity at a point. The vortex velocity is assumed tobeu = 13 ms~!,v = -8 ms~!
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Figure 4.10: Same as Figure 4.9, but for two-dimensional velocity divergence. Contour
increment is 5 x 1073571,

Figure 4.11: Same as Figure 4.9, but with vertical velocity contoured and horizontal vor-
ticity vectors (s ') superimposed. Contour increment is 2 m s™! for vertical velocity.
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Figure 4.12: Same as Figure 4.9, but with the tilting contribution to the vertical vorticity
tendency contoured and vortex-relative streamlines superimposed. Contour increment is

1x10™ts™2
Figure 4.13: Vertical vorticity at 3300 s and 608 m above the surface. Contour increment

is3 x 107351,
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Figure 4.14: Same as Figure 4.9, but at 62 m above the surface. Contour increment is
3x1073sL.

horizontal vorticity leads to the production of a new vertical vorticity center. Why does the
vorticity jump begin aloft and then progress to the surface? Figure 4.14 shows the vertical
vorticity for 3100 s but at the 62 m level, where the vorticity jump has not yet occurred.
Two distinct vorticity centers are still apparent, but the northern one is considerably weaker
than the southern one. Figure 4.15 shows the inflow streamlines and tilting term at the 62
m level. As at the higher level, there is positive tilting in the inflow region to the northern
vorticity center, but the magnitudes are lower by about a factor of five (the contouring
interval has been reduced by a factor of ten). The reason for this is neither the direction
nor the magnitude of the horizontal vorticity vectors, which is actually larger at the 62 m
level than the 608 m level (Figure 4.16), but rather the magnitude of the w-gradient, smaller
at the 62 m level simply because w itself is smaller. Thus the vertical vorticity jumps to
the northern location at higher levels first because the w-gradient and the tilting terms are

greater there.
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Figure 4.15: Same as Figure 4.12

1x10°s™=.

Figure 4.16: Same as Figure 4.11, but at 62 m above the surface. Contour increment for

vertical velocity is 2ms™!.
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4.5 Fine Grid Vorticity Initialization

With it being established that the rapid vorticity intensification at the surface is not an
artifact of grid nesting, a nested grid with 111 m grid spacing was introduced at 3300 s
around the northern vorticity center, after the vorticity centers become co-located but prior
to the most rapid intensification. The fine-grid domain contains 119 x 119 grid points, a
region approximately 13 km square.

At the initial time of the fine grid (Figure 4.17) the band of vorticity is concentrated in
a strip within the gust front convergence zone, extending approximately 1 km across. The
maximum value of the vorticity is 0.04 s™!. The perturbation pressure field and vortex-
relative velocity vectors are shown in Figure 4.18. No pressure deficit is apparent at the
vorticity maximum; in fact, there is a relative pressure maximum associated with the gust
front. The center of the high pressure associated with the downdraft is located just to the
northwest of the fine grid. There are a couple of low pressure features visible on the grid.
In the surface air just east of the gust front there is a broad region of lower pressure that
resembles the inflow low sometimes reported with supercell thunderstorms (Barnes 1978;
Rasmussen and Straka 1998), and will be referred to as such in this section for simplicity.

To the northwest of the vorticity maximum is another low-pressure feature. A west-east
cross-section through the center of the low pressure (Figure 4.19) reveals that this feature
is most intense at a height of 1500 m near the height of the undisturbed cloud base. In
the vicinity is a tilted band of vorticity located on the boundary between the updraft and
downdraft in the lowest three kilometers (Figure 4.20). This is similar to the divided meso-
cyclone of Lemon and Doswell (1979), and will henceforth be referred to as the 'divided
"mesocyclone’. The lowest pressure is located where the divided mesocyclone penetrates

into the main cloud; beneath this level the divided mesocyclone is on the interface between
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Figure 4.17: Potential temperature, vertical vorticity, and vortex-relative streamlines for
Grid 2 at 3300 s and 19 m above the surface. Potential temperature is represented by
thin contours in | K increments; vertical vorticity is represented by thick contours whose
values double every increment beginning with 5 x 10~3 s~!. For reference, a line segment
indicating a distance of 1 km is provided.
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Z =19 m, 3300 s
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Figure 4.18: Perturbation pressure and vortex-relative velocity vectors for Grid 2 at 3300
and 19 m above the surface. Contours of perturbation pressure have an increment of 50 Pa
(0.5 mb). Magnitude of reference vector has units of s~!.
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the lowered cloud base and clear air. The pressure is lowered at the ground directly beneath
the divided mesocyclone at cloud base even though the strongest vorticity itself is located
a couple kilometers to the east.

Figure (4.21) shows the perturbation pressure at 1493 m and the combined magnitude
of the vorticity, deformation, and divergence terms to the Exner-function equation (2.25)
for regions where the combination is positive (i.e., heuristically producing low pressure).
A very good correlation is found, indicating that the vertical vorticity forcing (the only
positive contribution to the Laplacian here) is mainly responsible for the location of the
mesolow. However, the vertical shear contribution is also not negligible here (compare
Figure 4.22). A notch of lowered pressure within the cold pool to the rear of the storm is
also due to the vertical shear term. The vertical vorticity is significant along the gust front
in the south of the domain, but here the deformation and divergence terms are enough to
eliminate any lowering of the pressure. In fact, generally pressures are high along the gust
front (see Figure 4.18).

The inflow low is fairly constant with height but gradually disappears above cloud base,
as is apparent in Figure 4.19. There is no strong Laplacian function at the location of the
inflow low, but Figure 4.23 shows a good correlation between a weak signal in the shear
term and the lowest pressure (the contributions from the other terms are even smaller).
What the figure is showing is the interaction between the environmental vertical wind shear
and the updraft gradient to the east of the storm; essentially the ’inflow low’ is simply the
linear term associated with the lowered pressure downshear of a storm.

The center of the strongest downdraft is near the highest pressure of the cold pool; this
is not located in the region of lowest 8, which is to the south (Figure 4.24). A simple

derivation of a pressure relation follows. The vertical Boussinesq momentum equation can
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Figure 4.19: West-to-east cross section through ’divided mesocyclone’ at 3300 s. White
dashed contours are perturbation pressure in 50 Pa (0.5 mb) increments. Increasingly darker
shading represents increasing relative humidity, with darkest shade representing over 90%
relative humidity. Labels on y-axis represent height above surface in meters. Labels on
z-axis represent horizontal distance in kilometers.

85

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



g

2 3 4 5 6 7 8 9 10 3t 12 13 4

Figure 4.20: West-to-east cross section through ’divided mesocyclone’ at 3300 s. Light
contours are vertical velocity (S m s~!) and dark contours are vertical vorticity (0.01 s~1).
Labels on y-axis represent height above surface in meters. Labels on z-axis represent
horizontal distance in kilometers.

Figure 4.21: Combined two-dimensional vorticity, deformation, and divergence contribu-
tions to the Laplacian equation (2.25) in regions where positive, at 3300 s and 1493 m above
the surface. Light contours are perturbation pressure in 50 Pa increments; dark contours
are Laplacian contributions in 2 x 10~* s~2 increments.
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Figure 4.22: Same as Figure 4.21, but including the vertical shear contributions to the
Laplacian.

Figure 4.23: Close-up of ’inflow low’ in fine grid at 3300 s and 1263 m above surface.
Thin contours show perturbation pressure in 20 Pa increments while thick contours show
the vertical shear Laplacian contribution in 1 x 10~° s~2 increments.
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be written:

on’ dw dwdz d, ,
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“4.1)
with z the height of a parcel following the parcels’ motion. If we integrate from the ground

(z = 0, w = 0) to the height H where the parcel began its descent (w = 0), then:

H H
/ Bdz — 6.0 / —aidz =0, 4.2)
0 o Oz

where the variation of the basic-state virtual potential temperature has been neglected. The
pressure integral strictly cannot be integrated directly because the partial derivative keeps z
and y fixed while the integration is over a trajectory. But if we neglect horizontal variations

then
1 [H
T(z=0)= —/ Bdz, 4.3)
6.0 Jo

when 7’ = 0 at the start of descent.

Even though € is not noticeably different at the pressure maximum from its value to
the south, the downdraft originates far higher at the pressure maximum, which is located
to the north of the main cloud base, underneath the lower surface of the anvil. If the
buoyancy is integrated over the region of the pressure maximum to a height of 4000 m, a
value approximately 400 J kg™ less than that of the inflow is obtained, which translates
to an Exner function of approximately 1.3 J kg~' K™! greater using (4.3); using dp’ ~
cppdn’ [ R this corresponds to 4.4 mb at the surface pressure. This closely corresponds to
the difference in pressure between the peak downdraft at the surface and the ambient air
away from the influence of the inflow low in Figure 4.18.

This downdraft consists of very dry, low 8, air (Figure 4.25) that has been evaporatively

cooled by hydrometeors falling into it, predominantly hail. In contrast, the region to the
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Figure 4.24: South-north cross section at i = 5 through fine grid at 3300 s. Shading is
potential temperature in Kelvin while contours show vertical velocity every 10 ms™!.

south is located beneath the main updraft. Significant quantities of hail are generated above
this location as well, but within the cloud most of the hydrometeors beneath 4000 m are in
the rain category.

As apparent in Figures 4.17 and 4.18, the pressure maximum is a region of divergent
streamlines. The velocity magnitude increases away from the cold pool towards the divided

mesocyclonic low. Consider the Bernoulli function:

’ 2
BN = /Z;—O + %. 4.4)

This function is conserved for two-dimensional steady-state motion provided there is no
vertical vorticity or friction. The Bernoulli function does incorporate the effect of pres-
sure work on accelerating or decelerating the flow. As Figure 4.26 shows, the variations
in vortex-relative wind speed are well explained by invoking the pressure work performed
by the high and low pressure centers. So divergence tends to occur between the high pres-

sure and the divided mesocyclonic low, and convergence occurs when the velocity vectors
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Figure 4.25: Same as Figure 4.24, but with shading representing relative humidity, thin
contours representing rain mixing ratio every 1 gkg™!, and thick contours representing
hail mixing ratio every 1 g kg~!.

‘overshoot’ the low pressure and are directed towards higher pressure. Near the ground,
convergence is associated with positive vertical motion while divergence is associated with
negative vertical motion; thus there is a band of low-level uplift between the two low pres-
sure centers.

Because the center of the main downdraft and the location of the most negatively buoy-
ant air are not co-located, the horizontal vorticity vectors show a significant streamwise
component (Figure 4.27) in the vicinity of the divided mesocyclone. (If the downdraft and
theta contours were parallel, one would expect divergent flow from the downdraft but baro-
clinic generation of vorticity in the cross-flow direction, and the vortex-relative velocity
and horizontal vorticity vectors should be nearly perpendicular. This can in fact be seen to
occur near the gust front near the north and south boundaries of the domain in Figure 4.27).

Because of the streamwise horizontal vorticity component, there is upward tilting of this
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Figure 4.26: Vortex-relative horizontal wind speed (shaded), vertical velocity (thin sold
contours), and perturbation pressure (thick dashed contours) at 3300 s and 19 m above
surface. Contour increments are 3 m s™! for horizontal wind speed, 0.2 m s~! for vertical
velocity, and 50 Pa for pressure.
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Z =19 m, 3300 s
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Figure 4.27: Vertical velocity (contours with increment 0.4 m s~1), vortex-relative velocity
(thin vectors), and horizontal vorticity (thick vectors) at 3300 s and 19 m above surface.

vorticity and positive vertical vorticity production as parcels diverge from the downdraft.
(Actually, upward tilting occurs whenever w increases in the direction of the horizontal
vorticity vector, so positive vertical vorticity production occurs even before the updraft is
reached, i.e. when w is still negative.) This is consistent with the findings of Grasso (1996)
and Grasso and Cotton (1995) that baroclinic vorticity is generated in the downdraft and
henceforth tilted into vertical vorticity even before the parcel has ceased descending.
Looking at the coarse grid at 3300 s gives a larger scale view of the vorticity band.
Most of the vorticity is located in a north-south region approximately 6 km long (Figure
4.28). Also shown in the figure is du/dy, which represents the stretching deformation
along the axis of the vorticity band. It is seen that significant vorticity largely resides in
the region where dv/dy is negative. The magnitude of du/dz, the stretching deformation
in the cross-band direction, is uniformly negative along the gust front, as expected (Figure

4.29), though it is larger in the region of the strongest vorticity. So intense vorticity forms
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Figure 4.28: Vertical vorticity for Grid 1 at 3300 s and 19 m above surface. Thick contours
represent vertical vorticity in increments of 5 x 10~2 s~!. Thin contours represent the value
of dv/dy with increments of 3 x 10~3 571,

in a band whose length seems determined by the presence of uniaxial stretching. This is
consistent with the theoretical result found in the previous chapter that vorticity in a linear
band should eventually decay when there is biaxial stretching, but continue increasing in

uniaxial stretching.

4.6 Fine Grid Vorticity Evolution

By 3360 s (one minute later), the rapid vorticity intensification has begun (Figure 4.30).
The maximum vorticity in the vortex band has now reached near 0.1 s™!; this leads the
development in the single-grid simulation by 40 seconds. The band itself has approximately
the same north-south extent as before but has narrowed, to approximately 600 m. There
is a noticeable bowing of the line of vorticity, with a wavelength on the order of 2-3 km.
The maximum vorticity occurs in the segment of the band that has tilted into a northwest-

southeast configuration, pointing towards the outflow from the downdraft.
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Figure 4.29: Same as Figure 4.28, except shows contours of du/Jz in increments of 5 x
10~3s7L.

However, despite the vorticity increase at low levels, the pressure still has only barely
dropped at the vorticity maximum (Figure 4.31). The other pressure features have shown
little change.

At 3420 s (Figure 4.32) the low level vorticity has reached 0.18 s~! and has become
more concentrated. Vorticity trails off from the maximum in two north-south bands with
an elliptical WNW-ENE core; the whole structure resembles a barred-spiral galaxy. At this
time a large surface pressure drop has occurred at the location of the vortex (Figure 4.33),
with a 5 mb pressure difference between the vortex core and the nearby gust front. Notably,
at the 1263 m level (Figure 4.35) the pressure deficit apparent at low levels is absent (Fig-
ure 4.34); the vorticity maximum at this level is only one-third of the surface value at this
time. This is strong indication that the vortex concentration does not form in response to a
drop of pressure aloft, but rather begins near the surface. The dynamic contributions to the

Laplacian equation at the surface at this time (Figure 4.36) show that the only significant
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Z =19 m, 3360 s

contours -- perturbotion pressure (Po)
vectors —— vortex—relative velocity (m/s)
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Figure 4.31: Same as Figure 4.18, but at 3360 s.
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Z = 19 m, 3420 s

thin lines —— theta (K)
thick lines —— vorticity ()
streamlines —- vortex-relative velocity (m ')
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Figure 4.32: Same as Figure 4.17, but at 3420 s. Contour levels for vertical vorticity double
every increment beginning with 5 x 103 s~L.
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Z = 19 m, 3420 s

contours —~— perturbotion pressure (Po)
vectors —— vortex—-relgtive velocity (m s)
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Figure 4.33: Same as Figure 4.18, but at 3420 s.
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Z = 1263 m, 3420 s

thin lines —— theta (K)
thick lines —- vorticity ()
streamlines —— vortex—relative velocity (m s™')
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Figure 4.34: Same as Figure 4.32, but for 1263 m above the surface.
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Z = 1263 m, 3420 s

contours —~~- perturbation pressure (Pa)
vectors —— vortex—relative velocity (m s')
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Figure 4.35: Same as Figure 4.33, but for 1263 m above the surface.
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Figure 4.36: Contributions to the Laplacian equation ( 2.25) from all dynamic terms at
3420 s and 19 m above the surface. Contour interval is 3 x 1073572,

positive terms at the surface are in fact located in a compact region at the vorticity maxi-
mum, whereas surrounding regions along the gust front have a negative contribution to the
Laplacian. The same plot at 3300 s (Figure 4.37) shows that the Laplacian contributions are
much weaker (the contour interval is ten times less), and furthermore that they are nowhere
significantly positive.

By 3600 s, the surface vortex is near its peak (Figure 4.38). The maximum vorticity
has concentrated into a circular region that has migrated to the southwest away from the
gust front into the cold pool. The vorticity structure shows some resemblance with that of
the non-linear pooling of vorticity in a two-dimensional barotropic framework (Guinn and
Schubert 1993), where vorticity is seen to concentrate into discrete centers that are con-
nected by spiraling filaments. The maximum surface vorticity is 0.27 s~!, which is compa-
rable to values found in past idealized tornadic simulations with grid spacings near 100 m

(Wicker and Wilhelmson 1995; Grasso and Cotton 1995). However, 100 m grid spacing is
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Figure 4.37: Same as Figure 4.36, but at 3300 s. Contour interval is 3 x 10~4s~2

still coarse to represent all but the largest tornadoes, and the vortex-relative tangential wind
velocities are still only around 30 m s~! (Figure 4.39), although the grid-relative velocities
approach 50 m s~! on the southwest side of the vortex. There is now a 12-mb pressure
difference between the center of the vortex and the neighboring flow, and a 7 mb difference
between the vortex center and the 200-m radius of the 0.1 s™! vorticity region. Kossin
and Schubert (2001) also noted the sudden pressure drop that can accompany the sudden
concentration of vorticity into an axisymmetric region.

At the 1263 m level (Figure 4.40), there is also a concentrated vorticity center at this
time, although it is located due west of the 19 m vorticity maximum, and has less than half
the magnitude (0.12 s~!). Nonetheless, there is a strong pressure drop at this level as well
(Figure 4.41). Now we clearly have two distinct pressure centers at this level, in contrast
to earlier times when only one center was present near this level (compare Figures 4.19 and
4.21). The positive Laplacian contributions from the vertical shear and vorticity terms are

shown in Figures 4.42 and 4.43 respectively. (Note that the increment is five times larger
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thin lines —- theto (K)
thick lines —— vorticity ($')
streomlines -- vortex—relotive velocity (m/s)

Figure 4.38: Same as Figure 4.17, but at 3600 s. Contour levels for vertical vorticity double
every increment beginning with 5 x 1073 s,
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Z = 19 m, 3600 s

contours —-— perturbation pressure (Pa)
vectors —— vortex—relative velocity (m/s)
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Figure 4.39: Same as Figure 4.18, but at 3600 s. Minimum perturbation pressure in vortex
is -1900 Pa (-19 mb).
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than in the 3300 s plots.) The divided mesocyclone low to the northwest is still apparent
as 2 region of enhanced vorticity, although at this time the vertical shear contribution to
lowering the pressure at the divided mesocyclone seems more important. Clearly though
the new vortex has the dominant influence on the pressure, with nearly equal vertical shear
and vorticity contributions; the divided mesocyclone remains a distinct feature. Figure 4.44
confirms that the divided mesocyclone resides on the boundary between the main updraft
and the downdraft to the northwest. However, a very intense downdraft is apparent just to
the north of the main vortex, nearly encircled by strong updraft. This feature resembles the
occlusion downdraft referred to in both observational (Barnes 1978; Lemon and Doswell
1979; Wakimoto et al. 1998) and modeling studies (Klemp and Rotunno 1983; Wicker
and Wilhelmson 1995) as a localized but intense extension of the RFD within or in the
close proximity of a low-level vortex. In the observational studies the occlusion of the
mesocyclone is often seen as a component of tornadogenesis (Lemon and Doswell 1979),
and in detailed observational studies the occlusion downdraft has been observed prior to
tornadogenesis (Wakimoto et al. 1998; Markowski et al. 2000). In modeling studies
the development of occlusion downdrafts and the intensification of a low-level vortex are
nearly simultaneous processes, and a modeled occlusion downdraft has been shown to
be dynamically forced by intense vorticity at low levels (Klemp and Rotunno 1983). Of
course, these two views may not be inconsistent if a distinction is made between an intense
low-level mesocyclone capable of dynamically forcing a downdraft, and the subsequent
tornado. Here, it is also found that what may be termed the 'occlusion downdraft’ forms
almost simultaneously with the intense vortex, and so like the vortex is first apparent at
low levels (compare to Figure 4.34, which is while the concentrated vortex exists near the

surface).

105

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Z = 1263 m, 3600 s

thin lines —— theto (K)
thick lines —— vorticity (s™)
streomlines —— vortex—relative velocity (m/s)

Figure 4.40: Same as Figure 4.34, but at 3600 s. Contour levels for vertical vorticity double
every increment beginning with 1 x 1072 s™L.
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Z = 1263 m, 3600 s

contours -~ perturbotion pressure (Po)
vectors —— vortex—relative velocity (m ')

VAN RRNNNANN N NN e SN N N N N
A RRRRRNNSN \\\\'\\\\\\\'\\\\\\'\‘\'\

.....

\.:—4'_“2:;._‘,,..,‘_,/‘,/ s 1000_*_4_-—1\\\'\'\\\'\‘\

o ——— 990//// ‘/./.a/ M._'Jzn-c—-——f\'\'\\\'\\\

ce ey P e i e
“ &y /5.;?:;55%/‘-1200,_._«_.—51\1\‘\'\'\'\'\\

: T e
/
My

/ 7 <7 “/ y ~1300:
M_:.:\ "\1\'\'\\'\‘\'\'\'\'\'\'\'\'\'\'\

-~ N

ID
Q"‘
o'

14:'¢'~‘\'\\

N \\\\\\\'\'\'\'\\\
-_.-' :\\\\'\\\\'\\'\\'\'\
1350 o 00 NS 1000 NN
---_”1 000,0’\\’\\\\\\\\\\\
Jys— \\\\\\\\\\\\\
~100. T L ,‘K'\\'\\\\\\\\\\\\
RO S NN
pS B SRE NN NN
AR S SO NN NN
, ESNRONN NN

197
17
i

"’L“,Q—K"\'\'\\

€ w e x {//‘/"‘),.’:_‘7.—1\'\\\
« & //‘/}‘:’/':-/-l- -

[=]
’D}((llvg"{.ﬁ-“'—‘“

L T R T TR TR AN
AR TR T i

40

Figure 4.41: Same as Figure 4.34, but at 3600 s. Contour increment is 100 Pa (1 mb).
Minimum perturbation pressure in vortex is -19 mb.

107

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 4.42: Contributions to the Laplacian equation (2.25) due to vertical shear terms, in
regions where they are positive, at 3600 s and 1263 m above surface. Contour increment is
1 x 1073 s~2. Dashed contours show perturbation pressure with an increment of 100 Pa (1
mb).

Figure 4.43: Same as Figure 4.42, but showing the vorticity contribution to the Laplacian.
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Figure 4.44: Same as Figure 4.42, but showing vertical velocity, with increment of 5m s™!.

Figure 4.45: Same as Figure 4.44, but at 3420 s.
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By 3900 s, the vorticity has peaked, although it still remains large. Large fluctuations
occur in the vorticity values near the surface, while at 1263 m the vorticity has begun a
noticeable decay (see Figure 4.3). At the surface, the vorticity now has a ring structure
pendant on a strip of vorticity that is an extension of the forward-flank gust front (Figure
4.46). Possibly with higher resolution this process would reveal the intensification of sec-
ondary vortices on the tornadic scale around the ring of vorticity, as has been observed in

nature (Wakimoto and Liu 1998) and in modeling studies (Finley 1997).

4.7 Summary

In this chapter the evolution of a low-level mesocyclone, at both 333 m and 111 m grid
spacing, is described. Near 3200 s the vertical vorticity beneath the cloud becomes nearly
vertically co-located at a point along the FFD near its junction with the RFD. This feature
forms in response to baroclinic processes along the FFD. Soon afterwards, the vorticity
rapidly intensifies and forms a closed circulation with a depressed central pressure, be-
ginning near the surface. An occlusion downdraft becomes apparent at approximately the
same time. This intensification is not an artifact of grid nesting (although on grids with
finer resolution the maximum vorticity is greater), and also appears to be distinct from the
formation of the baroclinic low-level mesocyclone. The latter is first apparent near cloud
base whereas the former occurs first near the surface, and resuits in the formation of a
pressure minimum distinct from the pressure minimum associated with a 'divided mesocy-
clone’. The cause of the rapid vorticity surge appears to be convergence from the pressure
maximum associated with the cold pool; possibly the rotation of the vortex sheet along
the gust front facilitates its convergence by the ambient wind field. These ideas will be

assessed in a more quantitative fashion in the next chapter.
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Chapter 5

ANALYSIS - FOURIER MODES

In this section a Fourier mode analysis will be performed on the circulation of the in-
tensifying vortex. The purpose of the analysis will be to determine the geometry of the
intensification process, with an ultimate goal of quantifying the similarities between the

current model simulation and other simulations of vortex dynamics in the literature.

S.1 Circular Eulerian curves

Suppose we compute the circulation around a circular horizontal Eulerian curve. It is then

convenient to use cylindrical coordinates, (r, ©, z), to express the circulation as:
27
C=fv-dl=r vedO, é.)
0
c

and the circulation tendency equation as:

o

2 (1) —— (3)
T

%-——f szHxR—w%+F -dl=r —vrCz—w%-i- Fg | dO, (5.2)
ot 0z o 0z
c

where 7 is the radius of the contour.
Consider the horizontal advection/convergence term (1) for now. It can be thought of as

2mr times the azimuthal average of the product of —v, and ¢, around a circle. The value of
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both of these quantities around a circle when sufficiently well-behaved can be decomposed

into a Fourier series of modes such as:

Upr = Upg + Ur1s SIN O + V1. COS O + Vrg, SIN 20 + v,9. €05 20 + ...

€z = Coo + Cor1sSINO + (r1cCOS O + (o5 51N 20 + (4o cOS 20 + ... (5.3)

Because the sine and cosine functions of the series are orthogonal over the interval [0, 27,

the v and (; . constants can be found using:

Y 02” v,dO j;hr v, sin 6dO j;,z’f v, sin 20dO

™= T oax rls = 2r . 9 ! Uras = 2T . 9 i

°T [Fde " [ sin?0de 7% sin? 20d0
o7 (.dO " (. 5in ©dO 2% (. 5in 26d6

G0 = TroE o Cais = 7 . 2 s 22s = T3 5 i (5.4)
) 4O Jy sin*©dO fy " sin* 20dO

The integrals of the squares of all the trigonometric functions above are 7 over the given
interval.
When one substitutes the Fourier representations of (5.3) into (5.2), only the products

of the same trigonometric functions survive the integral. Thus one has:

2
-r /0 ) V(A0 = —1 [270,0Cz0 + TVr15Cats + TUr1cCate + TVr2sCoas + TUraCooe + -] -

(5.5)

What do the terms in (5.5) represent? Suppose that there is constant convergence and

vertical vorticity within the circular contour, and that the convergence term is the only

contribution to changing the vertical vorticity within the contour. The change in circulation

about the contour would be:

ac 2
A / 0,40 = —r,0(2m)vr0, (5.6)
ot 0
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since (; = (.o when it is constant. Thus the first term in (5.5) can be considered to be
large-scale convergence over the curve.

Now consider the case of pure horizontal advection of vorticity, where there is a con-
stant horizontal wind velocity and vorticity gradient. This will be the case if the wind
vector is (ug, vo) and the vertical vorticity is given by czoz + c,0y, which produces a con-
stant gradient vector of (cz0, ¢y0)- The radial component of any constant vector (a, b) at an
angle © around a circle is given by a cos © + bsin O; thus, the radial component of the ve-
locity is ug cos © + vp sin ©. The vertical vorticity is c;o(r cos ©) + ¢,o(7 sin ©). Since the
trigonometric functions are the only parameters that are a function of position around the
circle, we can immediately write the Fourier decompositions v, = v,1.c0S© + v.5sSin©

and (; = (;;.cos O + (.1, sin O. The circulation tendency is then:

2% 27
% = —r / 0,.(.dO = —r / (Ur1c €08 O + Uy 5in O) ((;1c c0s O + (115 5in O) dO.
0 0

at
(5.7
Again, the products of sine and cosine terms vanishes upon integration, leaving
ac
%" (Ur1cCo1e™ + Ur1sCe1sT) - (5.8)

The first-order cosine and sine terms in (5.5) are revealed to be the large-scale z-direction
and y-direction advection of vertical vorticity, respectively.

The higher-order terms have no such simple interpretation as large-scale versions of
terms in the vorticity equation. They can be considered to be 'eddy’ contributions to the
circulation tendency, and are positive when there is a positive correlation between —uv,
and (; of a particular mode. An example of the second cosine mode consists of positive
vorticity with radial inflow along the y-axis, and negative vorticity with radial outflow along

the z-axis.
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A similar decomposition can be performed on the vertical advection/ tilting term (2) in

(5.2), with w replacing (. and dve /0= replacing v,. We then have:

27
o . e e e e
/ wo, 40 = [2’“”" dz0 TG, TG, T T,
g, 2 +] . (5.9)
32 2c

In this instance the zeroth-order term represents large-scale vertical advection, and the first-
order cosine and sine terms represent the tilting of z-vorticity and y-vorticity into the ver-
tical, respectively. The higher-order terms are eddy correlations of w and dvg /9= around
the circle. The second order terms are invoked by Rothfusz and Lilly (1989) to explain the
formation of a laboratory vortex by convergence superimposed onto an environment with
horizontal streamwise vorticity.

Other interpretations can be given to the zeroth-order terms. The zeroth-order term for

(1) is:
27 9. 9.
(-d© 19 v o
- J0_>F 7 = —] —— - = - —
27TV, ( o= ) TUrg /0 l:”' E’T(rvg) 3 6] doe Uro o -/0 rved®
= _er% (5.10)

if the velocity field is continuous. In a region of net radial inflow, a positive large-scale
convergence term implies that the circulation increases with radius. Meanwhile the zeroth-

order term for (2) is simply:

2T g
—27rwora—ve- = —2rwer —Qa‘—de = —wo%, (5.11)
dz o 2 0z

and so is simply the advection of circulation by the azimuthally- averaged vertical velocity.
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Furthermore, from Galilean invariance we know that we can subtract an arbitrary con-
stant vector (a, b) from the velocity field without changing the physics of the problem!.
Thus, we may choose to subtract any a cos © + bsin © from the radial velocity around the
circular contour where a and b are independent of position along the contour. The result
will then correctly describe the change in circulation around a contour of the given shape
translating at a velocity (e, b) in the original reference frame. So if in particular we choose
a = vr1c and b = vy, then the v, equation in (5.3) is unaltered except for the loss of the
first-order terms, which causes the large-scale horizontal advection in (5.5) to vanish.

In summary, then, it is fair to consider the first order terms in (1) as representing an ad-
vection of circulation; they vanish in a reference frame moving at velocity (v,ic, vr1s), and
one of the other terms in the circulation equation must be invoked to explain the creation of
circulation where none existed before. Nevertheless, because the contour is not a material
contour, there is no assurance that the velocity (v, v.c) Will have a simple relationship
to the velocity of any particular air parcel or storm feature (in particular any vortex). So it

is still important to consider this term in the circulation budget.
5.2 Fourier Components — Uniform Two-Dimensional Strain

Consider now the uniform two-dimensional straining flow problem in section 1.12...., where
there is maximum convergence into the y-axis, and either divergence or convergence into
the z-axis. Vorticity is neglected in the large-scale flow. The velocity is given by v =

—azX — fyy. The radial velocity in this case is

v, = ucos©® + vsin©® = —arcos? O — frsin?6 = — [cxz_r + %J - [% - %] cos 20.

(5.12)

! An exception is surface drag, which as is normally treated is a function of the magnitude of the velocity
specifically with respect to the ground.
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For the case of uniform plane convergence, 5 = 0, and the radial velocity field consists
of two equal, negative components, the zeroth-order and second order cosine. When the
convergence is uniaxial, 3 > 0, and the zeroth-order component will be greater than the
second-order cosine. For biaxial convergence, 3 < 0, and the second-order cosine term
will be the greater.

A graphical depiction of the superposition of the zeroth-order and second-order cosine
azimuthal modes of equal negative magnitude is shown in Figure 5.1. If this is taken as
a representation of the radial velocity, it can be seen that the maximum radial velocity is
inward and along the z-axis. The radial velocity then decays to zero along the y-axis but is
nowhere positive.

The superposition of a positive unit zeroth-order mode and a negative unit second-order
cosine mode is shown in Figure 5.2. In this case there is a positive concentration along the
y-axis and values near zero in the vicinity of the z-axis. This can be a crude representation
of the vortex band of section 2.12, which shows no variation in the y-direction and resides
near the axis. It can be shown that the limit of an infinitesimally narrow band along the

y-axis is achieved using the Fourier series:
f(B) =C(1 — cos 20 + cos 40 — cos 60O + cos 80 — cos 100...) (5.13)

after proper normalization.

What happens to the circulation tendency when the radial velocity field of (5.12) is
combined with the vorticity field of (5.13)? From (5.5), we see that only the zeroth-order
and second-order cosine terms are non-zero. In fact, when 3 = 0, the products —v,¢(;q and
—vr2.(2c are equal in magnitude but opposite in sign. The large-scale convergence term
is positive because both the average radial inflow and average positive vorticity around

a circular contour. But the second-order term is negative because the radial inflow and
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Figure 5.1: Depiction of the superposition of the zeroth-order and second-order cosine
azimuthal modes of equal negative magnitude. Total magnitude is normalized to negative
unity.
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Figure 5.2: Depiction of the superposition of the zeroth-order and second-order cosine
azimuthal modes of equal magnitude but opposite signs. Total magnitude is normalized to
unity.
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positive vorticity peak in opposite quadrants. The large-scale convergence term in (5.5)
has an extra factor of two: thus in our idealized framework the net circulation tendency
is positive. Physically, this is due to the fact that away from the axes the quantity —v,.(.
is positive definite. The circulation will continue to increase unless other factors such as
vertical motion or (in the Burgers vortex sheet) diffusion contribute negative circulation
tendencies.

Now, consider the uniform strain case where the axis of maximum radial convergence
is not along the z-axis, but is rotated an angle O, from it. If a and 3 are defined as the
derivatives of the velocity components parallel to and perpendicular to the © = 6 line,

respectively, then the expression for v, becomes:

U= — [£+ﬁ—r] - [ﬂ—&J cos 2(© — 6y)

2 2 2 2
ar Br ar fr . .
=3 +5 -5 (cos 20 cos 26, — sin 20 sin 26). (5.149)

So the presence of the second-order sine term simply represents a rotation of the Figure
5.1 pattern; under this rotation the value of v2,, + v2,. remains constant at r(a — (3)2/4.
However, the specific decrease in v,9. caused by rotation of the wind field would decrease
the magnitude of the negative second-order term in (5.5) for our idealized framework; thus
the circulation tendency would be enhanced. Similarly, the vorticity band can be rotated
while the wind field is held fixed and would increase the vorticity tendency. This latter
scenario is a mathematical argument consistent with the scenario described in Neu (1984a);
when a Burgers vortex sheet segment is rotated from the y- axis, there is a better correlation
between the radial inflow and the vorticity, which then acts to concentrate the vorticity into

intense vortices.

120

|
w
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5.3 Fourier Components — Baseline Simulation

The various contributions to the horizontal convergence tendency to the circulation were
found for the control simulation. A circular contour of radius 666 m was used for the
calculations. Velocity values were interpolated to 4n points equally spaced on the circular
contour, where nAz is the radius of the contour.

Resuits are shown in Table 5.1 for the two-grid simulation at 3300 s, 3360 s, and 3420
s at the lowest model level. These times represent, respectively, the fine-grid initialization,
the peak of the intensification process, and the establishment of a low-level concentrated
pseudo-circular vortex. The contours are centered about the location of the maximum
circulation found within the domain.

As mentioned previously, the first-order terms can be thought of as representing the net
advection of the circulation with respect to the model grid, and vanish when a velocity of
(Urie, Ur1s) is subtracted out. The values of v, and v, in the table document the general
southeastward movement of the circulation with respect to the grid. They compare well to
the average speed of the vortex in Figure 4.7 of v = 11.4ms™! and v = —6.9m s~ . If
(vr1e: Ur15) Were to coincide with the instantaneous velocity of the vortex, then the circula-
tion of the material curve could be said to translate with the vortex.

Examining the other terms reveals that the dominant ones are the zeroth-order term,
which is positive, and the second-order cosine term, which is negative. Next in importance
is the second-order sine term. It is seen that, at the initialization time, the zeroth-order
and second-order cosine modes of the radial velocity are nearly equal; the zeroth-order
and second-order cosine modes of the vorticity are nearly equal but opposite in magni-
tude. From the discussion in the previous section, it appears that we are looking at a close

representation of a vortex sheet in uniform two-dimensional strain. The value of the v,o¢
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3300s | 3360s | 3420s
-8.40 -8.22 -8.43 Vro
00L12 | 00115 | 0.0055 Cz0
394 396 194 | —271rv o0
11.7 14.7 10.7 Urle
-0.0017 | 0.0060 | 0.0055 Cote
2| 85| -123| —1ruCac
-104 -12.9 -6.88 Urls
-0.0006 | 0.0007 | 0.0050 Cors
-13 19 72 —mrlsCzls
-7.26 -7.58 -1.52 Ur2e
-0.0161 | -0.0069 | -0.0100 Czac
-244 -110 -157 | —mrveac(zoe
349 2.03 | -0.0357 Uras
-0.0082 | -0.0140 | -0.0219 295
60 60 -2 | —TrUrs(oas
0.162 -3.39 | -0919 Urde
0.0070 | -0.0006 | 0.0109 3¢
2 -4 21 —WTU,.;;CC:;;C
-0.774 | -0.250 -1.76 Ur3s
0.0049 | -0.0088 | 0.0033 C.as
8 -5 12 —ATUr3s Cz.’.ls
0.945 -2.50 0.325 Urde
0.0008 | -0.0088 | -0.0159 Cote
-2 -46 11 —mv,4c(:.|c
-0.232 | 0.727 1.98 Urds
0.0017 | -0.0156 | 0.0006 Cz4s
1 24 -2 | —=TVr45Caas

Table 5.1: Fourier components of radial velocity. vertical vorticity, and contributions to the
circulation tendency for an Eulerian circle of radius 666 m on Grid 2. Only components to
fourth order are shown. Values are shown at 60 minute increments.
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term suggests that the axis of maximum radial convergence is rotated from the z-axis by
0.5 arctan(—v,es/ — v,2.) = —12.8°. The value of (v, + v3,)%5 of 8.05 is slightly less
than the magnitude of v,¢; from (5.12) we see that this implies that we nearly have plane
convergence, but the flow is slightly uniaxial, as had been noted in the previous chapter.
The vorticity modes reflect a concentration along the y-axis. For the vorticity the negative
second-order cosine mode is actually larger in magnitude than the zeroth-order mode; this
suggests that there is actually some negative vorticity along the circulation contour (not
counting the contributions from the higher order terms). The vorticity band is rotated from
the z-axis by an angle of 0.5 arctan((.2s/(z2.) = —76.5°, which is a rotation of 13.5°
from the y-axis. But higher order vorticity modes are non-negligible, suggesting that the
vorticity structure is significantly more complicated than our idealized model.

At 3360 s, the total circulation tendency from the modes listed in the table has increased
by 50%. In large part this is due to the change in the second-order cosine contribution
from —240 m? s~2 to —110 m® s~2. The zeroth-order terms have hardly changed. The
most important difference is in the second-order vorticity terms, which have shifted from
Caae = —0.0161 571, (05 = —0.0082 57" t0 (22, = —0.0069 571, e0s = —0.0140 5. The
vorticity band now lies at an angle of 0.5 arctan((;2s/(.2.) = —58.1° with respect to the z-
axis, or 31.9° with respect to the y-axis. The magnitude of the second-order vorticity mode
has also decreased from 0.0181 s~! to 0.0156 s~!; nonetheless even if the magnitude of
this mode had not changed, the rotation of the mode would still change (.o to —0.0080 s~}
by 3360 s, a factor of two decrease. Thus the increase in circulation tendency is chiefly
attributable to the rotation of the band of vorticity away from the y-axis to a position more
favorable for radial convergence. The increase in circulation tendency could be even larger,
but the radial inflow band also has rotated slightly counterclockwise, so that it is now

inclined 0.5 arctan(—vyos/ — vr2c) = —7.7° from the z-axis.
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Figure 5.3 presents a more continuous picture of the evolution of the angular separa-
tion between the vorticity band and the axis of maximum radial inflow. Whereas the two
are largely perpendicular at the start, the angle decreases throughout the period of vortex
strengthening, largely due to changes in the vorticity orientation. The vorticity band ap-
pears to rotate counterclockwise at an increasing rate, which bears little relation to the axis
radial inflow after the time of greatest vortex intensification, near 3430 s. From Figure 5.4,
it can be seen that at the end of the intensification period the magnitude of the second-order
modes for both radial velocity and vertical vorticity decrease sharply. We can conclude
that near the end of the vortex spinup process, the region loses its band-like geometry, and
becomes more axisymmetric.

Table 5.2 shows data for the vertical contribution to the circulation tendency. Most
significantly, it shows that these terms are much smaller in magnitude than the dominant
terms in the horizontal contribution at the location of the maximum circulation. Thus we
can concentrate on the radial flux of vertical vorticity in explaining the development of
large values of circulation. However, the ultimate source of the vertical vorticity must be
due to the vertical contribution terms acting elsewhere in the domain. Near the vortex, the
largest terms in this table are actually negative contributions to the circulation: the large-
scale vertical advection and tilting of y-direction vorticity. The largest single negative
contribution is from the vertical advection of vertical vorticity after the vortex has already
intensified. This is a strong indication that the vortex is not being transported to the surface
in a downdraft but forms at the surface and is advected upwards. The higher order terms
are not significant.

Figure 5.5 shows the magnitude of the large scale tilting terms on Grid 2 at 3300 s.
Significant values are found to the north of the circulation center along the 6. gradient,

and in a narrow strip to the east of the vorticity center. The first order sine terms (large
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Inclination to y—axis, r = 666 m

150 — ! ’

100

inclination to y—axis (degrees)
wn
o

0 ]
3300 3350 3400 3450
time (seconds)

Figure 5.3: Orientation angle of second-order for inward radial velocity, —v,, and vertical
vorticity, (., with respect to the positive y-axis. Results are for a circular contour with 666
m radius centered at the location of maximum vertical vorticity on Grid 2.
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Magnitude of 2nd—order modes, r

666 m
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Figure 5.4: Same as Figure 5.3, but depicting the magnitudes of the total second-order

modes.
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3300s | 3360s | 3420s
0.79 0.73 0.81 wo
0.0002 | 0.0109 [ 0.0089 Ove /029
-0.7 -33 -30 —27(1‘1003’!19 / aZo
0.14 0.21 -0.12 W