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ABSTRACT

ON THE RELATION BETWEEN ENVIRQNMENTAL WIND VEER
AND CIRCULATION IN SEVERE STORMS

It has been observed that circulation is related to the environment
of severe storms. Forecasting techniques use vertical variation of the
environment as a forecasting parameter. A simplified model of the growing
storm is used to describe atmospheric conditions which are evaluated
to find characteristic ratios for use in the analysis. The early morphology
of the severe storm is considered quantitatively, wherein a balance occurs
between the converged low level momentum and the obstructed momentum
of the middle level air flow.

Mathematical formulations are derived for the storm's motion and
individual functions are presented to represent various individual physical
factors that may contribute to the motion. Detailed consideration is given
to two of these factors, while the remaining factors are described for future
use.

The effect‘of environmental wind veer with height on the motion of
the storm is considered through analogy with a hydrodynamic experiment
of curving motion of an immersed cylinder. Qualitative agreement with

the theory is shown in an experiment in which a cylinder is moved in a



curved path through a stationary fluid. The force that provides rotation
about the swivel is analogous to the ambiént air that changes direction
with height and foices the storm to move in a curved path. For paths
curved anticyclonically the vorticity imparted to the storm is cyclonic.
Calculations of atmospheric circulation induced in this manner are shown
to be significant and comparable to tornadic circulation.

Comparison of the theoretically compufed streak lengths with the
experimentally measured values shows that circulation of the correct sign
is present in the fluid; however, a non-uniform distribution of ill-defined
streaks due to a combination of experimental difficulties precluded
exact quantitative verification. Development of better fluid tracers as
well as betier ohotography techniques will provide further verification of
the analogy.

The eddy viscosity influences the drag on the storm which causes
the storm to curve during its growth. The increased mixing at the
periphery of the storm between ambient air and storm air increases the
storm's response to momentum at higher altitudes, which results in its
curved path. If the hydrodynamic analogy between the curving cylinder
experiment and the curving storm path is valid, then the curved path due
to a veering environment causes cyclonic circulation to exist about the
storm of a magnitude comparable to twice the vorticity of the curving path.
The vorticity induced at the periphery of the storm is the vorticity due

to the curvature of the path, and the source of this vorticity is the
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environmental winds that veer with height.
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ON THE RELATION BETWEEN ENVIRONMENTAL WIND

VEER AND CIRCULATION IN SEVERE STORMS

I - INTRODUCTION

A. General Discussion of Storm Growth

The environment in which severe storms develop is characterized
by complexity of the atmosghere. It is divided into layers of differing
wind velocities and moisture distribution varying with height. The varia-
tion of moisture is related to the veering (turning clockwise) and shear-
ing (increasing in speed) of the lower atmosphere, with the largest_
variation found in the two lower layers of converging air. The moisture
distributioﬁ varies abruptly from moist to dry through a temperature in-
version that caps the moist air in the lower levels.

Although each case of severe storm environment will undoubtedly
have differing environmental temperature and moisture, the general
characteristics of wind and moisture distribution appear in models useful
for forecasting. To make the severe storm amenable for study, a model of
the storm in an environment containing only the essentials is described.
In this simplified environment the wind is assumed to be increasing in

speed with height (shearing) and changing direction in a clockwise sense



with height (veering). The moisture distribution has a discontinuity, an
inversion layer, where warm and very dry air caps the moist air below.
Through the inversion the wind direction changes abruptly from southerly
to westerly (usually SSE to SSW). The top of the environmental atmosphere
governed by the stability associated with the stratosphere, decelerates
the upward motion of the storm air and limits its extension into the
stratosphere. This environment resembles the Great Plains condition in
the spring, the place and time when most severe storms occur.

As the cloud grows in the simplified environment, southerly
momentum from low levels is continuously transported upward within the
cloud. An accompanying downdraft may transport westerly momentum
dbwnward simultaneously. As the cloud extends to higher altitudes the
westerly momentum mixes with the souther}y momentum in the cloud to
give a resultant motion vector in the west of south direction. As the
cloud grows deeper into the westerly current, the westward component
increases, giving the storm a path curved anticyclonically.

Initial movement will be from the south in the same direction as
the air below the cloud base. As the cloud grows upward (increasing in
height) and outward (increasing in diameter) it becomes more influenced
by the upper level air. The change in motion serves to increase the
relative inflow, which increases convergence of the low level airA. If
conditions are sufficient for continued growth and movement in a curved

path, circulation may be imparted so that the storm's direction of motion



differs from the direction of any ambient wind within its depth.
During this stage of development, when the storm's motion is
different from the wind in any layer within the depth of its environment,

the storm is in a quasi-steady state and has the following characteris-

tics:

(a) It contains a single, giant circulation cell which is its
simplest structure.

(b) It usually lasts for a number of hours.

(c) Intense rainshowers, giant hailstones, and tornadoes are

frequently observed.

Although the mechanics of the breakup of a severe storm are not
well known, general agreement exists that there is a decrease in the
upward flux of moist air which allows the top of the storm to be carried
away (blown off) by high-speed westerly winds. The most obvious cause
of a decrease in upward flux of moist air is a decrease in available
potential instability in the lower levels where air is converged into the
storm, and a decrease in moisture, or temperature of converged air which
may be sufficient to eliminate the necessary production of latent heat by

condensation that supports the updraft.



B. The Scope of this Study

This study will treat the storm from the time it becomes influenced
by the air above its cloud base to the time vorticity is imparted to it.

Examples of storm growth and motion will be given as well as an
attempted explanation as to why some storrﬁs move in a curved path.

The effect shown through experimental analogy is how the curved
motion of the storm cloud manifests a circulation in the environment

about the storm.



I - DEVELOPMENT OF THE STORM MODEL

A. Description of the Cylindrical Storm Model

In nature, the storm is probably composed of one major and one
or more minor vertical circulation cells. It is simplified in this study to
one vertical circulation cell throughout its depth with minor vertical cir-
culations at the base and top. This simplified model is supported by much
descriptive work, Goldman (1962), Fujita (1963) , and Browning (1964),
which shows that the most severe storms contain the smallest number of
célls. The minor circulation cells at the bottom are the cumulus and small
towering cumulus that surround the major vertical motion and are usually
connected at the base. This gives the storm the appearance of having a
larger diameter at its base than at the top. These minor circulations also
raise the inversion around the major storm updraft.

The circulations at the top are due to the air spreading as it is
kept from penetrating far into the stratosphere. These circulations are
visible at the edge of the "anvil top" on the upwind‘side where the
abundance of dry ambient air helps to delineate the boundary of tbe cloud
by evaporation. The wind enhances the vertical circulation by its high
speed relative to the speed of cloud elements (causing overturning at the

edge of the cloud mass). If there were no ambient airflow, circulation

S



at the top would be similar to the hydrodynamic analogy of a jet im-
pinging on a horizontal wall as sketched in Figure 2.1. The overturning
that mixes the velocities is not included as part of the model even though
the result (a mixed profile) is included.

A detailed model of the ambient flow consisting of five layers of
differing motion characteristics and two adjacent layers of differ‘mgl
moisture has been developed to represent the severe starm. (See
Goldman, 1968) This model is consistent with the storms that occur in
the Great Plains area, the geographic location of the maximum frequency
of severe storms. In this model, the inflow. layers consist of a layer of
moist air covered by a layer of dry air that combines to develop the rain
caoled air, cold air outflew. Since our principal concern is with the
storm's motion, the depiction of the storm will be simplified by neglecting
the dry air inflow layer that provides the cold air. A further simplification
will be made by ascribing a cylindrical shape with values to the other-
wise general model.

The depth of the storm (from base to top) is 15 km.* Its lower,
middle, and upper diameters are30 km,10 km, and 80 km, respectively.The
general shape of the storm is cylindrical in the middle layers with the top

and bottom resembiing the ends of a spool with a plume streaming out of

* For simplicity the storm dimensions are chosen to be to the nearest 5 km
of that which is usually observed visually, photographed, or measured by
the various weather radars.
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Figure 2.1 Sketch of a jet impinging on a wall. This is analogous to
the flow near the storm top, in the anvil, for a negligible horizontal
ambient wind velocity.
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Figure 2.2 Perspective view of the simplified storm model. Inversion
is broken through at the storm. See text for definition of symbols.



the top. The shape of the top is somewhat elliptical in front with the major
axis oriented parallel to the ambient wind direction (and a streamer out the
back). The term "anvil top" best described the side view of the storm top.
The location of the cylindrical shape extending down to the low levels is
approximately at the upwind focus of the elliptical-shaped top. Figure 2.2
is a perspective view of the simplified storm, and Figure 2.3 is the top
view. A few large storms viewed from aircraft vérify this description.

With this simple generalized form of the storm cloud established,
we can add a few details that will be useful in evaluating terms in the
equations of motion of the storm. The lower portion (30 km) and the upper
portion (80 km) are considered hydrodynamically rough because of their
obvious eddy activity, while the middle portion is considered to be rela-

tively smooth,

B. Consideration of Environmental Flow Around Storm

Flow around a barrier is developed (as in most hydrodynamics) as
a pure flow of fluids as if no barrier existed. In fixed coordinates the in-
stant-aneous stream-lines for a moving cylinder are the same as those for
a doublet (source-sink combination). The doublet as shown in Figure 2.4
has a velocity vector;/. everywhere on a certain circle and the flow inside
that circle can be replaced by a solid cylinder (or barrier) moving at speed
-

v. (The same flow results outside the circle with either the doublet or the

cylinder).
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Figure 2.3 Top view of the storm.
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The doublet flow may be unfamiliar because the flow around a
cylinder is usually studied relative to the cylinder (or in relative co-
ordinates). If a velocity vector ;/. is subtracted from the doublet flow
everywhere, the flow in Figure 2.5 results. In the relative coordinates
moving with the cylinder the doublet is confined to the inside of the
circle and the flow around the circle is the familiar flow around a cylinder
or air foil. This flow can be created by just stréam’mg fluid past a doublet,
but it is more common to create the flow outside the cylinder by moving
a cylinder in a fluid (in a tow tank) or streaming fluid past the cylind‘er
(in a wind tunnel). In either case the flow seen from the cylinder is the
relative flow in Figure 2.5. If the cylinder is moving, then the flow in
fixed (non-relative) coordinates is as in Figure 2. 4.

In this study most of the motion will be discussed relative to
a moving "'‘cylinder'', the giant thunderstorm cloud.

Logic dictates that an isolated severe storm be treated as a barrier
with ambient air flowing around it. This logic can best be accepted by con-
sidering a simple analogy. Suppose we have a long trough of kerosene and
we allow colored water from a hose to flow into it. The flow rate of the
water is sufficient to assure a continuous stream. Now move the hose
from one end of the trough to the other. Since the kerosene is displaced
by the '"'cylinder'' of water from one end of the trough to the other, there

must be hydrodynamic barrier flow of kerosene around the water, i.e.,
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N ‘
Figure 2.4 Flow around a cylinder with velocity v seen in fixed
coordinates.



-»
Figure 2.5 When a velocity v is subtracted from the flow, to put it
into relative coordinates, the traditional picture of flow around a
cylinder results. The doublet flow is now inside the cylinder.
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the hose could be extended through the kerosene and almost the same
flow would result.

In a very real sense a large, strong updraft, severe thunderstorm
imitates the water-kerosene flow. The moist air rises until it is warm
and becomes a jet of upward flowing moist air through dry air. This
moist air rises to the tropopause and spreads out. The moist jet moves
relative to the middle level dry air and must serve as a hydrodynamic

barrier.

C. The Description of the Storm's Motion
As is shown in Figure 2.2, the storm velocity, (,? , is directed
between the upper and lower velocities. We define all of the air velocity

relative to the storm by
-5 .
U=V -¢ (2.1)

-
where V is the velocity relative to the ground. All motion is formulated
to be relative to the storm. A stationary object would have a relative
Y -

velocity - relative to the storm. A wind normal to the vector ¢ would

-
have a - added to it and the resultant would be directed toward the storm
of the front side. The use of relative coordinates allows motion to be
correlated with obvious features of the storm such as the cloud plume

(top view of storm).
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Using the subscripts P, D, W for the upper (plume level -- the
level of the anvil top where the plume occﬁrs) , middle (dry level), and
low (wet level) respectively, we can draw a hodograph of the undisturbed
environmental flow relative to the storm. This is shown in the inset of
Figure 2.2 with the relative streamlines drawn on the perspective view of
the storm.

We now discuss the antecedents of thé air affecting the cloud
motion. A considerable amount of vertical shear exists between the
air-flow just below the inversion and the sub-inversion air near the ground.
The air affecting the cloud's motion by momentum mixing at the cloud's
edge is in the cloud (occurring from the cloud base to the inversion level),
and the zir that affects the motion by conserving its momentum is below
the cloud. If we define ﬁsia (velocity of the sub-inversion air) as

s
the velocity of that air that will be drawn into the storm, and U,,, as the

w
velocity of that air in and just below the inversion and in the cloud, then
most of the air that mixes with storm air at the cloud boundary as it rises

-
has-ambient velocity, UVV

In this simple model the relative speeds of lower, middle and

upper winds are 10, 3, and 30 m sec™! respectively.
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D. Formulation of the Forces

The existence of the storm in the complex multi-layered environ-
ment causes momentum exchange through inflow layers and forces in the
other layers that control the storm's motion. In order to solve the motion
problem, we formulate the acceleration of the storm as being the result of
a combination of all the forces that could act ar‘ld are significant in the
storm's motion. Both descriptive and analytical sAymbols are used to repre-

sent the forces. The acceleration of the storm is given by

-
s
d I d(MUsia) 1 P, P,
it - m  at + = F/hdz + — FK_]dz
) w w
-» 1 -+
+ +— diff. .
RPR ” VP (2.2)
-+ d—’
where ¢ is the storm's velocity and its time rate of change, ?i% , is the

accel_eration. The terms on the right side of the equation, multiplied by

—11;1 explicitly (for the first three) and implicitly (for the last two), represent the
time rate of change of momentum of the storm, the drag force, the lift force,
the propagation effects, and the pressure differential, (m is the mass of the

storm) respectively. Each of the five terms is defined below, separately.
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The first two terms are treated in detail while the other terms are dis-

cussed and given a suggested formulation.for future use.

1. Change of Momentum Term

Since the storm is fueled from the conversion of water vapor to
liquid in the rising converged sub-inversion air, the imparting of this air's
momentum to the storm would have some effect on the entire storm's motion.
If ﬁsia represents the velocity of the sub-inversion air that is converged
into the storm, then there is a contribution to the acceleration of the storm
due to the loss in horizontal momentum of this air which can be represented
by s{}sia where g is the mass of air taken into the storm per unit time.

-» d
Note that Usia is velocity relative to the storm. Since Usia is a function
of both the ambient flow relative to the ground and the storm motion, then
it changes with either the low level environmental air motion or thé source
strength.

This momentum is transferred to the storm because the air has no
horizontal velocity relative to the storm as it moves upward within the
moving column of updraft toward the tropopause, near the storm top. In
the absence of compensating forces the storm would accelerate in the
direction of this relative velocity.

It will be shown that the storm can move at a constant velocity
under certain conditions, but in order to do this we formulate the

acceleration and show it is zero. Thus
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pﬂ_Dzh.-A. =0, 8 (2.3)%

would be true and we would have an acceleration if there were no other
-

"forces" acting on the storm. As is the storm acceleration, D and h are

the diameter and height of the cylinder representing the storm volume,

and ¢ is the air density.

2. Drag Force
The effect of the drag of the ambient air on the storm is the
integrated effect throughout the depth of the storm cloud. The entire
effect of drag is represented by the integral of the force, F, per depth, h,
of the cloud over the entire depth from the cloud base level, W, to the

top level, P. The force per unit depth is given by

o '*d&

= %p U2 pC (2. 4)

D

where p is the density (considered to be different constants in each of the
=Y
three layers), U is the ambient velocity relative to the storm at that parti-

cular level and CD is the drag coefficient which is expected to be related

-5 -5
% The term U %Da drops out because we only consider U = 0, which is

the value at the initial time.
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to the particular eddy viscosity at that level.

3. Lift Force
The third term is the integral of the transverse force that arises
due to circulation about the storm. This force is due to the Kutta-Joukowski
law that is the principle behind the lift force in aerodynamics. The trans-

verse force (per unit length) is given by

-+ -+
Fep= U (2.5)

where p is the air density, ﬁ is the relative velocity, and I'is the circula-
tion about the storm.

Just as the drag force was integrated throughout the storm's
depth, the lift force is also integrated throughout the three differing layers,
taking the varying density and relative velocity into account. The varying
circulation about the storm in each of the three layers is also taken into
account. Depending on the method by which circulation is induced in the
ambient air, the distribution of circulation with height can vary from large
positive in the W layer to large negative in the P layer. Some of the pro-
cesses by which circulation can be induced in the ambient air are: (1) con-
servation of angular momentum as the air is converged in the lower layers,
(see Goldman, 1966), (2) diffusion of vorticity outward from a central up-
draft in solid rotation (Browning and Fujita, 1965), and (3) circulation (in

the form of shear flow or "curving flow") in the ambient air upstream from
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the storm (Goldman, 1966, Darkow, 1969).

4, Propagation Effects

The fourth term is the acceleration due to propagation effects.
These effects are caused by generation toward the region of maximum
thermodynamic instability (including moisture source) and decay in the
opposite direction. This is seen most commonly in eastward moving squall
lines where the generation occurs on the southern end and decay on the
northern end. Newton and Fankhouser (1964) have described this motion
toward the source of moisture and have formulated a function that is based
on the knowledge of the moisture source. For our purposes the function
should be related to the dynamic mechanism that forces the storm to move
in that direction. Although this function is yet to be formulated, some
necessary requirements may be listed.

The term for propagation effects is called a residual acceleration,

'y
RPR' We expect that the term is made up of a number of factors that con-

tribute to convection such as moisture, stability, low-level convergence

and even surface roughness. These terms can be written as K 3@ where
Q is the quantity that contributes to convection.

Empirical evidence derived from forecast verifications has shown
us that the axis of maximum instability, the axis of maximum low level and
high level wind flow (the so-called "low level jet" and the "jet stream"),.

and the middle level axis of maximum moisture are important for locating
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the initiation of severe storms (Miller, 1967). The geographic location

(x4

of the intersection of these axes makes up the location of the forecast
center of convective activity. Just as the initiation of convection has
been shown to be related to these axes, the propagation (or in rebirth

of convection) is expected to be related to gradients associated with the

axes of these quantities. The residual term may be formulated as:

- -+ -
Ry, = K9s+K,UM+K,vU

PR P

+K YU (2.6)
4 sla

where s is the stability index, M is the middle level moisture and UP and

Usia represent the jet stream velocity and the converged part of the low

level jet respectively. The coefficients Kl through K4 are determined em-

pirically and are not restricted to be constants.

5. Pressure Differential

Because of the veering environment in which most severe storms
are embedded, the distribution of hydrostatic pressure about the storm is
not symmetrical. In an environment such as the Great Plains where the
relative wind from the south at cloud base veers to the west at the top,
the pressure measured at the ground, due to the integrated pressure
throughout the storm's depth, is lower on the forward side of the storm.

The princiﬁal contributor to this asymmetric pressure distribution

at the ground may be the low pressure associated with the smaller air
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density in the anvil cloud (see Figure 2.6). This would then cause an
acceleration of the storm in the direction of the low pressure. The magni-
tude of the acceleration would be dependent on the thickness of the anvil
cloud, and to a lesser extent, the vertical acceleration of the air in the
clouds. A description of the pressure distribution of this type, but on a
iarger scale, is given by Bonner (1962). The pressure would be lowest
beneath the anvil cloud extending in the direction of the upper winds.
The momentum conservation term and the drag force term in com-
bination can provide an infinite number of constant velocities for the
storm embedded in an environment in which the wind changes direction
and speed with height. As seen above, the drag is an important contri-
buting factor to the resulting velocity. When applying the classically
developed relationships of drag on a cylindrical body, we are restricted
to the empirical evidence that treats the atmosphere as a turbulent
medium represented by supercritical Reynolds numbers. However, we
are considering that the updraft of the storm system manifest by the
visual cloud acts like a cylindrical barrier to the horizontal motion of the

ambient air.

E. Consideration of the Balance of Drag and Momentum Change

During the initial development of the storm, when the cloud is
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Figure 2.6. Schematic of the Bernoulli pressure at three levels of the storm
for the top view of Figure 2.3. The size of the highs (H) and lows (L) at the
various levels indicate comparable magnitude. The dashed high at the P
level represents the consideration that air density of cloud may contribute
to low pressure there,
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forming, the first term in the acceleration equation is probably the most
significant, As the sform continues growing upward into the middle layer
where the ambient air flow varies significantly from the lower layer, the
significance of the second term, the drag force, increases. During this
time the pre-storm cloud (in its early stage of development) moves under
the influence of these terms. We thereforé consider how these terms may
balance each other and the consequences of this balance.

The time rate of change of momentum is given as in equation (2.3)

and the drag force is rewritten as

>0 -3 -
F=5Cp UM! Oyl hD (2.7)

=Y
where UM is the relative velocity of the middle layer air.

The storm column is moving at speed awhich is considered in

-5
relative coordinates, with, Usia' the relative velocity of lower moist air

ey
and, U _, the average relative velocity of middle layer air, moving at

M
constant speed (Z\.S = 0).
T 5, = - [ - ‘-o l
- = C U hD 2.8
p g DA = U 8 +5 Ch Uy Uy (2.8)
If we set A.s = 0, then one obvious condition for a steady state (a

- -
storm moving at constant speed) is that the vectors USi and UM oppose

a

-each other. This condition forces a relationship that fixes the direction of
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- -+
U and U
a

si once the low level and upper level ambient wind speeds are

M

known in fixed coordinates (the line along which the vectors act is fixed).
Since the fixed coordinate velocities are given by

.\} = 0 +§’ (2.9)

and

<¢
It
Gl
+
AN

2.1
sia sia ( 0)

then the condition

cd

- -» -»
- = - 2.11
UM sia v1\/1 Vsia ( )

- -+
fixes the alignment of flow of U,  and Usia' (See sketch of vectors in

M
Figure 2.7.)

We now consider g, the mass of air taken into the storm per

unit time, as
_ 2
g = 2 P wD (2.12)

where w is a function of the temperature lapse rate in the middle layer air
and is related to the mean upward velocity of air. Thus equation (2.8) be-
comes

- -»
0 = wDZKEI’S + UM‘ UM\hD (2.13)

ia
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= RELATIVE WIND

V = AMBIENT WIND
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~

FLOW ORIENTATION OF -~

RELATIVE WINDS

. -
Figure 2.7 Sketch of the relation between ambient wind, V, and
relative wind, U. Storm motion, 52’, beginning at any point along

the dashed line, determines U, , and ,
M sia.
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We now define

Zpsia

Crf M

K = (2.14)

NE

where ¢ sia’ p . are the average density for the sub-inversion layer and

M

middle layer respectively, and C_, is the drag coefficient.

D

By this definition of K, we require that'w represent the mean mass
weighted upward flux of air in the storm.

With the difection of GM aﬁd f}sia shown to be parallel, and the
directions of the relative flows determined by the storm motion and the
ambient flow, all directions can be determined. We now dispense with
the vector notation and consider the magnitude (sc.alar) of the combination
of the middle level with lower level flow.

Let P represent the magnitude of the difference of measurable

quantities in the atmosphere,

P=vV -V (2.15)

g, =0, +P (2.16)

substituting into (2.13) we have

KWD Ugig + (Uijq + 2P Ugjy + P* )0 =0 (2.17)
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let

_ kwD
Y= S (2.18)

then in equation (2. 17)

Uzsia +20,, (v+P) + P2 = 0 (2.19)

Solving the quadratic equation of (2.19) yields

U = ~(y+P) +\2vyP +v% (2.20)

sla

If

.
™ <

the radical becomes negative, which can be interpreted as an impossible
condition. This results in the condition that the lower flow is greater than

the middle level flow by

> U KwD

Usia M * 4h (2.21)

Evaluating K for the real atmosphere where the air density at the top of the

troposphere is about one half its surface value, we estimate the ratio

of densities

=3
4

PM ~ 4°sia (2.22)



29

then from (2.14)

~ 2
K = . (2.23)
D
and for a cylindrical body
0.4 <C_ sl (2.24)

D

The inward flux of air below the inversion is given by

Ii - psia ZZUsia (2.25)

where the p sia and Usia represent the mean density and relative velocity
of the sub-inversion air that is converged upward into the storm, ¢ is the
width of the channel of this air and Z is the inversion height which repre-
sents the depth of the inflowing air.

The upward flux inside the storm is represented by
] =p. = Dw (2.26)

where p M is the mean air density of the middle layer, D is the diameter of
the upward motion, and w is the mean mass weighted velocity of the upward
motion. This relation is illustrated in Figure 2. 8.

Consider an example where

w = 10m sec™!
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Figure 2.8. The inward flux of sub-inversion air (plan view) and the
vertical flux of storm air (side view).
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and where the ratio of diameter to height is within the range

D
= <
lsh

Do =

From (2.18) and (2.23)

(2.27)

<
fl

®) ls

= |O

D

then from (2.24) the range in vy is given by

1 1

Smsec™ S vy < 25 msec”

In the atmosphere storm clouds can have diameters (D) as large
as 20 km and can extend to heights of 20 km. The height of the top of
the inversion, Z, is usually below 2 km. Although the width, £, of the
channel of inflow has not yet been measured, consideration of coritinuity
of flow into the storm suggests that ¢ be at least as large as the diameter

of the cloud at its base. Therefore we assume;:

D = Skm
h = 10 km
_ 3
Z = 2 km

gy = 2D

For the limiting drag coefficients and diameter to depth ratios,

the values of the middle layer flows (U, ) are computed using equation

M
. (2.21) and,
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in units of m sec~1, are

for D _ 1 _ *
h 2, CD 1.0
25
Usia > 7 2
for D _ _ *
h 1, CD 0.4

(2.28)

(2.29)

The restricting cases of middle level winds as a function of

selected lower level relative winds are computed from equations (2.28)

and (2.29) and the results are shown in Table 2.1.

TABLE 2.1

Ratio of non-allowed values of middle level relative winds

U to lower level winds U .
sia

Ml

D/h
Co /2 /1
4.0 |_ 75
0.4 <%0 |< 7200
7.5 5.0
.01 <50 | <200

As is shown, with the conditions of D/h =1/2 and C

D =0.4, for.a lower

level wind of 10 m sec~1 the upper level wind cannot be less than 4 m sec-!

and retain a constant storm speed.

* The range in drag coefficients is taken from Hoerner (1958).
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In order for realistic estimates of velocities to be made, the con-
tinuity of mass must be satisfied. To satisfy this requirerﬁent (2.25) and

(2.26) must be equal. Thus

p
v =4 oD, (2.30)
sia p . 4

sSla

If we assume that for cumulus (Cu) clouds
D .~ £, with D the order of km

and for towering cumulus or cumulonimbus (Cb) clouds
2D ~ £, with D the order of 10 km

and for both Cu and Cb
Z = = km

2

and

p = 2
M 4'@"

sia

then for Cu, equation (2.30) becomes

= I .
Usia =gw (2.31)

and for towering Cu and Cb, equation (2.30) becomes
U = 5w (2.32)

Thus from considering the continuity requirements of the model and testing
the results on cumulus and cumulonimbus clouds, a function of the mean
mass weighted velocity (w) can be substituted for relative velocity of the

inward air flow in the first term of the acceleration equation.



III - THE APPLICATION OF MODELED STORM MOTION

Most severe storms whose circulation may be computed from either

circulating radar elements, chaff trajectories, or other means have some
‘ change in environmental wind direction with héight.

Figures 3.1 and 3.2 are taken from the Browning and Fujita (1965)
analysis of a group of severe storms with circulation. Path curvature is
prominent in Figure 3.1. Figure 3.3 is the vertical distribution of wind
at the time of initial radar echoes. The wind is both veering and shear-
ing with height during the early stage of development of severe storms.
Figure 3.2 shows the tracks of the echoes prior to 1500 CST, during
their early development stage. Although difficult to see, there is some
curving of the path during this early time,

Achtmeyer's study (1969) of severe storms exhibiting circulating
elements also contained an environment that veered and sheared with
height. .Both his extrapolated wind soundings (Figure 3.4a) and his
actual rawinsonde (Figure 3.4b) for that time show a marked increase
in speed and a clockwise change in direction with height. Most of the
radar echoes had paths (Figure 3.5) that were curved during the initial

part of their trajectories.

34
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STORM TRACKS

o 1560 CST

00 a 1600
'lf,r 21700
% 91800

® 1900

Figure 3.1 Tracks of storms A through X, derived using data
from the WSR~57 radar at WRL, at the center of the range rings..
Tracks of severe storms with hook echoes are denoted by thick
lines. (After Browning and Fujita, 1965).
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position of the radar is indicated by a cross. .The three solid contours, representing storm
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(@) Same as above but showing only the three cells comprising Storm G. Lines are drawn
connecting the center of each cell from one time to the next. The shaded area depicted at time

1521 shows the time-integrated extent of hail in the surface.due to Storm G during its develop-
ment phase. (b) Tracks of the centers of the Storm G cells.

Figure 3.2 Radar tracks of storm cells. (After Browning and Fujita, 1965).
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Figure 3.3. Vertical distribution
of wind at _initial time of radar echoes.
(After Browning 1965).
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Trajectories of 72 group B radar echoes observed Trajectories of 22 group A radar echoes observed
between 1530 and 2100 CST, 25 August 1965, between 1500 and 2100 CST, 25 August 1965.

Figure 3.5. Trajectories of radar echoes. (After Achtmeyer, 1969b)
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There is an inherent difficulty in trying to verify path curvature
using radar during the early growth and deizelopmen’t stage of a storm.
Since the radar detectable drop sizes are usually developed after about
10 minutes of storm growth, there remains less than 20 minutes, according
to our assumption, during which the storm attains its more westerly motion.
For the anticyclonically curved path length of 18 km, the lesser amount
of curving path occurs during the latter 12 km <.3f the storm's history.

Since most radar displays are at 20 to 50 mile range marks, the resolution
needed to discern whether the 12 km path is curved or straight is most
difficult unless the storm path has already begun to respond to transverse
forces.

Shoert Wave length radars will detect smaller drops and thereby
allow a potentially earlier time for the curved path to be detected. How-
ever, unless the radars contain a much larger than normal power output,
they are unable to detect at long range, thereby decreasing the probability
that the initial stage of the storm will be detected.

An example of an opportune detection by short wave length radar
. is contained in the case study of the square cloud. The Wichita Falls
radar (SPS) detected echoes at 1305 CST at a distance of approximately
50 miles. A careful analysis of these echoes revealed an anticyclonic
curving of trajectories during the storm's development stage. A composite
of these echoes for approximately a two hour period is shown in

Pig.ure 3.6. Almost all of the echoes on the southern part of the line had



41
curved paths that coincided with the shearing and veering environment
shown in Figure 3.7. The two charts correspond to 10,000 ft and
40,000 ft altitudes near the storm echoes. The storm system continued
to grow and had numerous tornadoes associated with it.

Perhaps the best example of a detected curving of path was that
shown in Figure 3.8, taken from the Thunderstorm Project. In this case
it is clear from the echo that the storm responded to the westerly momentum,
but when the surface was more exposed to the northwesterly momentum,
the echo region responded to that while retaining some of its westerly
momentum. Although it is not explicit in this case study how the cloud,
whose base is probably below 8,000 ft, can entrain the northwesterly
momentum into it and transport the momentum forward and downward, we
may assume that this .is either through entrainment at the periphery or by
turbulent mixing at the boundaries. If it is mixing, then eddy mixing of
momentum at the cloud edges will allow it to be accelerated by the ambient
flow at each level and the greater diameter will serve to enhance the drag
effect.

A number of case studies of early echo development have been
selected for study in differing environmental veer and shear conditions.
However, because of the poor resolution of the curved paths of the
developing radar echoes, these cases exhibited wavy motion and could
not be considered conclusive evidence that their paths curved in the

manner postulated in this thesis. What is needed is a capability to measure



Figure 3.6.‘ Composite time plot of the reduced SPS radar echoes. Time increases from left to right.
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Figure 3.7 Wind analysis for the Square-Cloud case. (After Goldman, 1962)
Streamlines (solid) and isotachs (dashed lines) at 5kt intervals. SPS Radar
echoes at about 1500 CST superimposed at their location on the Red River.
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Figure 3.8. Charts showing the variation of the wind velocity with height
and the change in cloud-echo movement due to.the vertical transfer of
horizontal momentum by the updraft and the downdraft.

(a) Wind speed and direction at each 2,000-foot level. Wind vectors
are means of seven observations taken over the Ohio network. No
balloon approached nearer than four miles to the radar echo.

(b) and {(c) Outlines of the cross section of the radar cloud at the
5,000~-foot level for successive times, The maximum height given is

~ for the top of the echo. Note that the movement was toward the north-

east during the first time interval, during which the echo was increasing ‘

- its height. As the echo decreased in height, the echo moved more toward

the southeast. (After Byers and Craham, 1949).
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the refractive index gradients at the cloud edge and to map these gradients
in three dimensions and with time. According to Atlas (private communi-
cation, 1970), this is now possible in two dimensions and time using a
recently developed LIDAR with a high pulse repetition frequency.- The
developed unit responds to liquid water and not vapor, while leaving
sufficient power and pulse repetition frequency to provide near continuous

mapping capability similar to present weather radars.



IV -~ A CONSIDERATION OF CIRC ULATION IN THE SEVERE STORM

The third term in the formulation of the acceleration of the storm
(see equation 2.2) represents the circulation about the storm and its
resulting transverse effects on the storm path.. This chapfer will be con-
cerned with the circulation which may be induced at the periphery of the

cloud due to the curvature of its path.

A. General Description

The existence of vortex circulation about severe storms in the at-
mosphere has been made apparent by the detailed findings of Browning and
Fujita (1965). Although early investigators have recognized that severe
storms such as the tornado have a large circulation associated with them,
it has been only recently that the circulation has been extended to the
larger scale of the cloud, to which the tornado is related. The observa-
tions and descriptions of Browning and Fujita (1965) were of a large number
bf severe storms that had tornadoes and giant hail associated with them.
These storms occurred in the veering and shearing environment of the
Great Plains, the region of maximuin severe storm activity in the United
States. Evidence of circulation was found in the motions of elements of

the radar echo moving about the mass of storm echo at and near its edge.

46
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Investigation such as Fankhouser's (1968) has verified that circu-
lation exists away from the radar echo edge of severe thunderstorms. His
computations of chaff trajectories, released near the storm at middle levels,
show a circulation to exist about the storm at a significant distance from
the cloud boundary, which should be farther than the radar echo edge.
These storms were in the veering environment of the Great Plains.

Wind shear has long been recognized to be related to severe
storms through large-hail formation processes. The work of Foster and
Bates (1956) which culminated in a prediction method for large-size hail-
stones was based on wind shear. The role of wind veer was recognized
and popularized by Browning and Ludlam {1962) in their study of the wind
field that would support the growth of giant hailstones. They found that
wind veer in tl;1e presence of wind shear would prolong the residence
time of the growing hailstone. Browning later showed the wind veer to be
associated with storms he studied tn both England and the Great Plains of
the United States.

The importance of circulation was demonstrated theoretically in
Kuo's (1966) development that treated perturbation type vortices. He showed
that small scale vortices, such as a tornado's, can develop from medium
scale vortices, such as large storms containing circulation, in a stably
stratified atmosphere with certain conditions that have been observed
in the Great Plains. He showed a necessary condition for development

to be the presence of an initial circulation of a scale larger than the scale
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of the intense vortex.

Since both theory and observation have shown that the severe
storm can and does exist in an environment containing wind veer and
shear with height and circulation, it would seem likely that circulation
about the storm is closely related to wind veer with height in the envi -
ronment. Barnes (1968) concludes that vertical shear in the low atmo-
sphere is a source of rotation that the storm receives through the tilting
effect in the vorticity tendency equation. His conditions require a low
level jet to induce vorticity, which is then tilted into the appropriate
orientation so that air with this circulation can be converged toward the
cloud at low levels. Tang (at the 1967 AMS-AGU Spring Meeting in
Washington, D. C.) proposed a similar method of providing initial circu-
lation; however, he used the polar jet stream to induce vorticity. Both of
these methods require a mechanism that tilts the generated vortex tube and,
to a lesser extent in Tang's proposal, do not require the wind to veer with
height.

Although theory on the coupling of the upper and lower momenta is
not yet complete, speculation leads us to couple the upper and lower flows
via vertical motion. During the early stage of development, the lower
level part of the storm continuously feeds the upper part that is trying to
come into equilibrium with the upper level flow. This continual feeding
of southerly momentum keeps the storm from moving entirely with the west-

erly flow aloft. To keep the bottom of the storm from being sheared off,
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some of the westerly momentum from above is transported downward
through the precipitation interacting with the mixture of cloud air and

dry air at middle levels. The mixed air evehtually becomes the cold
downdraft. The westerly momentum from the middle levels is transmitted
downward directly in this way; however, that momentum is very small
since the wind velocity relative to the storm at middle levels is lower
than the relative velocity of the upper and lower levels. It is the pre-
cipitation particles (moving horizontally with the westérly storm motion)
from the upper part of the storm that transmit horizontal momentum to the
middle levels inside the storm. This momentum is transmitted to the
lower levels and combined with the momentum of the middle levels as the
precipitation particles evaporate in the mixed air. This evaporation in

the mixed air causes the air to become negatively buoyant.

1. Statement of the Problem
Does the anticyclonic curving of the path make the environment,
some of which is eventually converged into the storm at low levels, have

positive circulation?

2. Approach )
This problem was approached using a hydrodynamic analogy to the
curved path of the cloud. Assuming that the storm cloud acts as a cylin-

drical barrier to the flow, a cylinder was moved in a curved path, and the

ensuing pattern of fluid motion revealed whether circulation was induced
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in the fluid. By photographic measurement of streaklines in the fluid,
both the sign of the circulation and an estimate of its magnitude can be

calculated.

3. Description of the Experiment

As with all hydrodynamic experiments, sophistication of the equip-
ment and technique can make simple experimental results seem insignifi-
cant. To avoid this, the design of this experir'nent was cc;nfined to that
of a cylinder mounted on a swivel arm with a camera photographing streak-
lines, with the aid of a mirror mounted above the cylinder. The cylinder
was kept from rotating by a connection with the swivel arm, thus avoiding
the effect of a rotating cylinder in the fluid (i.e., the cylinder retains the
same orientation with respect to a fixed direction). For convenience of
design the camera was in a separate rotating frame of reference relative
to the moving cylinder. Any rotation which exists in the system could be
computed from the motion of a crossbar in the cylinder, since the crossbar
would change orientation between photographs. Although a motor was used
to achieve a constant angular velocity as the arm rotated, the short arc
length of cylinder path allowed only the average angular speed of motion
of the cylinder to be measured at each trial.

The resulting data was streaklines on photographs. The length of
the streakline is a function of its distance from the center of rotation of
the arm, and the actual length is based on the initial measurement of the

cylinder diameter appearing in each photograph. The exposure time of
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each photograph determined the streak length as a function of rotation
speed. The difference in length of streaks about the cylinder (other than

that produced by the rotating system) is a measure of the circulation.

B. Theoretical Considerations of the Experimental Analogy

The experiment contains an outside force, namely that force which
gives rise to the angular velocity at the svﬁvel. We now consider the
contribution of the rotation about the swivel to the ctrcula.tion about the
cylinder.

As shown in Figure 4.1, for a cylinder of radius I'o at a distance

R +r. from the swivel, the arc length at the closest point to the swivel

is given by
S; =R ® (4.1)

where 8 is the angle of rotation at the swivel.
At the farthest distance from the swivel, atR + 2ry ., the arc length

is given by

Sz = (R +2r;) 8 (4.2)
The difference in these arc lengths, S, = S;, is given by

AS =R +2r,-R) 8 = 2r 9 (4.3)
Measured along the circumference of the cylinder, this is given by

AS =r o (4.4)
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Coordinate system for moving cylinder experiments.

010

Figure 4
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where ¢ is the central angle subtended by arc AS.
In the direction shown in the figure (counterclockwise) AS is that
arc length through which the cylinder would rotate in order to counter the
rotation rate Q of the swivel arm, or to remain nonrotating with respect to

the center of the cylinder or any fixed coordinate system. From equations

(4.3) and (4.4)
o =26 . | (4.5)

The circulation about any closed path is given by the cyclic inte-

gral of the velocity, '\}, along the path 3.
- -
r'= &V * dS (4.6)

For this circular cylinder the tangential velocity is

and the path is the circumference. Therefore
= 2 _do
T 2m rc at (4.8)

In terms of 6,

_ 2 d6
' = 4nr at

c (4.9)
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The vorticity is defined as the circulation per unit area; then at

the cylinder

¢= L
mr ' (4.10)

and from equation (4.9)

_ ., ds
=41 o (4.11)

If we prescribe the velocity of the center of the cylinder to be
VC as shown in Figure (4.1) at a distance, R +r, from the swivel, then

the angular velocity of the swivel %—?— is g‘iven by

dé_ _ Vo
dt R+r

(4.12)
C

and from equation (4.11) we see that the vaqrticity at the cylinder

4Q (4.13)

o«
il

where Q) is the angular velocity at the swivel.

The vorticity at the swivel is given by

6= —
* nR +r) ‘ (4.14)

where g is the circulation about the swivel at the radius (R +r) and

is given by

Iy = 2T (R +15 Ve (4.15)
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Therefore the vorticity at the swivel is

Z.Vc
Ce = 4.16
s R (4.16)

Since

v .
Q= c (4.17)

R +r

C

the angular velocity at the swivel, then from equations (4. 13‘) and (4.16)

gs =2 (4.18)

The effect of having the cylinder remain in a nonrotating frame with
respect to a fixed direction while traveling a curved path is to impart twice
the vorticity of the whole system to the region about the cylinder itself.

The outside force that provides rotation about the swivel is analo-
gous to the ambient wind that veers with héight and forces the storm to
move in a curved path. This path is curved anticyclonically and the vor-
ticity that is imparted is cyclonic.

In the veering and shearing environment of the atmosphere, the
storm cloud grows in both height and diameter. As shown in Figure 4.2
the ambient winds at each height level (thin arrows) affect the cloud's
motion through the relative winds (bold arrows). Drag (by the relative
winds that shear with height) increases as the cloud diameter increases,

and the response to the drag is the curved path (shown dashed in Figure

4.2). The magnitude of the circulation induced for the indicated path of
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n/2 radians arc length which occurs during the time period t, to ts can be
computed if we specify the time period and the area of the cloud. The
area of the growing cloud is taken at its final size after growing for an
assumed time period of 30 minutes to a diameter of 10 km.

The circulation , I', about the curving cloud is given by its vor-
ticity times its area. From equations (4.16), (4.17) and (4.18), we con-
clude that the vorticity at the cloud is 4 times the angular véloc ity, Q.

The circulation is given by vorticity times the area as
T =4Qx — D? . (4.19)

Considering a curving of path that is represented by an arc iength that is
1/3 of that shown in Figure 4. 2 and which occurs during a period of 30

minutes, then the angular velocity

k1 -3 =1
3 x 3.6

For a diameter, D, of 10 km, the circulation becomes
T =9 x 10* m®sec™

Circulations computed from tornadic winds, 100 m sec™! at a radius of 150
meters, are approximately 10° m?® sec~!. Therefore the circulation induced
by the curving motion is significant and comparable to tornadic storm cir-
culation. The COIT.lpaI'i.SOI'l is not presented to imply a mechanism for tor-
nado generation, but only to show the significance of the magnitude of cir-

culation.
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Figure 4.2. Anticyclonic curving of a growing storm cloud in veering and shearing environment, with
clrculation at the last stage. Cloud s initlally a point at time t, (not shown) and grows radlally at
rate of 1 km per time period and vertically to level 5 by.t,., Cloud motion, indicated by arrow at cen- )
ter of cylinders, differs at each time as the cloud is affected by the combination of indicated winds
that extend throughout its depth. Thin arrows represent ambient winds and bold arrows represent
winds relative to moving storm.
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C. Results of the Experiment

Photographs taken of the flow about the cylinder at varying rota-
tion speeds indicate qualitative agreement that vorticity exists about the
cylinder.

Figures 4.3 and 4.4 show streaklines with greater curvature on
the side closest to the center of curvature. Some pictufes show a greater
number of vortices shed on the outer side, indicating a larger vortex
shedding rate due to a higher velocity on that side. In these photographs
the cylinder revoives about the swivel in a counterclockwise direction
and, as is indicated by the crossbar, the cylinder does not rotate about
its own axis.

In a previous experiment using a long cylinder a similar flow
field resulted. In Figure 4.5, the cylinder is revolviﬁg clockwise about
the swivel and the streaklines seem to have greater curvature on the side
closest to the center of curvature.

Average tangential velocities have been recorded for each trial
in both experiments. The theoretical streak lengths have been computed
for each trial using the exposure time of the photograph. The lack of a
more distinct tracer has precluded the measurement of streakline lengths

with accuracy sufficient for computation of vorticity.
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1. Data and Results of Streak Léngth Computations

Streak lengths were measured on photographs from three trials of
the December 6, 1968 experiment. In these, as in other trials,a number
of variables was measured and recorded. The average angular velocity
with the clockwise, ¢, or counter clockwise, cc, sense of revolution
about the swivel were recorded for each trial. The radius of curvature,
given by the distance from the center of the cylinder to the center of the
swivel, was measured and recorded at each change in length. The photo-
graph settings of exposure time, te' aperature and focal length of the
lense used were all recorded; however, only the exposure time was used
in the calculations.

In Table 4.1 are listed measurements necessary for comparing

theoretical with experimental results from three different trials.



60

TABLE 4.1

Measurements of experimental variables for streak length

computations for experiment of December 6, 1968,

Trial Number 11 111 \'
Photo Number 11 16 26
Radius of Curvature (cm) 43,1 43,1 63.5
Average Angular Velocity (sec™?) 0.42 0.35 0.256
Exposure Time (sec) 1/4 1/4 1/4
Enlargement Factor . 1.27 1.25 1.28

Two measurements were made on th_e. photographs: the location of -
the streaks and the length of the streaks. The streaks were located relative
to the center of the cylinder. The distance between the center of the streaks
and the perpendicular to the curved path of the cylinder was recorded with
the streak length on each photograph. These measurements are listed in
Tables 4.2 through 4.4 with the related computations that correct the lengths
for photographic enlargement. The negative distanses refer to streaks
located between the cylinder's path and the center of curvature, the swivel.

The distribution of streak lengths, an example of which is shown in
Figure 4.8, measured on the three photographs is far from uniform since

the distinct streaks were not always distributed uniformly. The beginnings



Theoretically computed, Sr' and experimentally measured, S,

streak lengths (cm) for photo 11
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TABLE 4.2

STREAK
NUMBER R Rg T I - S
1 43,1 39.79 2.5 7.4 5.48 5.32
2 40,19 5.0 5.74 5.91
3 40,46 4.9 5.77 6.09
4 v 41,13 8.1 5.60 5.05
5 42,23 5.7 5.72 4,27
6 44.99 4.0 5.64 5.73
7 45,78 3.8 5.48 7.08
8 46,29 4.4 5.62 9.09
9 45, 82 5.3 5.78 5.82
10 46,41 4.9 5.74 5.56
11 46, 80 4,6 5.64 5.89
12 47.00 4.6 5.64 5.30
13 47.74 4.7 5.65 5.73
14 48,14 8.4 6.16 4.95
15 49,00 6.4 6.06 3.60
16 50. 00 7.3 6.22 3.48
17 49,67 6.6 6.14 4.84
18 49.79 7.4 6.24 6.08
19 50. 70 7.6 6.35 4.03



Theoretically computed, Sr’ and experimentally measured, S,
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TABLE 4.3

streak lengths (cm) for photo 16

STREAK
NUMBER R R, T s, S
1 43.1 39.68 | 2.5 4.55 7.45
2 40.70 4.55 6.80
3 39.74 4.50 5.95
4 39.46 4.55 6.16
5 39.98 4,71 7.42
6 40.74 4.74 6.95
7 40.02 5.00 8.00
8 41.20 4.74 6.19
9 42.14 4.65 6.00
10 44.90 4.75 6.92
11 44.74 4.79 6.50
12 46.26 4.95 4.94
13 46.62 4.38 6.85
14 45.70 4.80 8.39
15 47.34 4.84 5.24
16 47.62 4.56 6.01
17 47.98 4.98 5.95
18 48.46 4.84 5.58
19 48.34 4.80 5.05
20 47.86 5.01 4.80
21 49.14 5.15 6.48
22 50,06 5.15 5.55
23 49.70 5.13 6.30
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TABLE 4.3
(cont.)
STREAK
NUMBER R r r S S
S C S r
24 43.1 50.66 | 2.5 10.1 5.34 5.00
25 50. 82 9.4 5,32 5. 83
26 51,02 8.3 5.26 4,97
27 50. 92 8.0 5.25 4.00
28 51.06 10.0 5.36 7.05
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TABLE 4.4

Theoretically computed, Si,, and experimentally measured, S,

streak lengths (cm) for photo 26

STREAK

NUMBER R RS rc ry Sr S
1 63.5 61.35 | 2.5 4.61 5.25 6.90

2 59.95 5.00 5.20 6.60

3 60.22 3,32 5.30 5,80

4 61.99 6.28 5.67 7,95

5 61,08 5.82 5.15 8,03

6 64. 42 4.84 5.20 4,08

7 65.96 4,77 5.17 4,95

8 66.12 5.93 5.19 3,83

9 67.39 4.37 5,10 5,67
10 68. 76 8.16 5. 45 4,00
11 68. 85 5.55 5.28 6.54
12 67. 97 4.49 5.13 6.21
13 69.43 5.93 5.33 4.97
14 68. 80 7.41 5.43 6,22
15 71. 04 7.75 5.57 4,98
16 70.52 7.07 5.49 5,20
17 70. 98 7.70 5.55 4,75
18 72.37 9.80 5.73 6,15
19 - 71.68 8.95 5,66 4.85
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Figure 4.3. Results of second curving cylinder experiment. Photograph of motion relative to the
cylinder on a path of constant curvature. Streak lines formed by aluminum powder tracer. Cylinder
extends from necar the bottom of the chaunel to above the surface. Cylinder motion from right to
left.
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Figure 4.4. Results of second curving cylinder experiment following Figure 4.3 at same trial (taken
approximately 1/2 second later). Cylinder motion from right to left.
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Figure 4.5 Results of first successful curving cylinder experiment. Same experimental set up except
for the longer cylinder (which obscured most of the boundary layer flow) and larger tracer clements.

Cylinder motion from left to right. Note the resemblance in streakline curvature to the clockwise
motion about the swivel.
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and endings of the streaks were highly dependent on judgement, making
their measuremeﬁts far from the accuracy desired for establishing quan-
titative relations.

In Figure 4.6 the length of the streaks is plotted against their
locations with respect to the cylinder path. The location is measured as
the distance from the curved path to the middle of the streaks with neg-
ative values for streaks that are located between the cylinder and the
swivel,

The points on the streak length vs. distance diagrams were scat-
tered. If we fit a straight line between the scatter of points and the cen~-
ter »f curvature, where the streak length is theoretically zero, we find
that the points at negative distances (indicating a location between the
cylinder and the center of curvature) are generally displaced above the
line indicating they have generally larger streak lenghts. This is defi-~
nitely true for two of the pictures while the third shows the straight
line slope to represent almost all the points.

The theoretical streak lengths were derived assuming that the
measured streak length is the result of two contributions, the rotation of
the system about the swivel and the circulation about the cylinder.

As shown in Figure 4.7, the contribution due to the tangential
motion about the cylinder, Sw' is given by the product of the tangential
velocity about the cylinder, Ve , and the exposure time, te' The contri-

butions due to motion of the cylinder about the swivel, SQ, is given by
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Figure 4,6 Plot of measured values of streak length vs distance-from the swivel, Ry. Ris
the distance from the swivel to the cylinder center. Negative values of R - R indicate lo-

cations between the cylinder and the swivel. Note, generally larger streak lengths at
these locations.
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Figure 4.7 Geometry of the contribution to streak length, Sr' due to
circulation about the cylinder and rotation about the swivel. ¢ is the
angle between the components, S, , due to the circulation about the
cylinder, and, S,2 . due to the rotation about the swivel. Rg and rg are
the radial distances to the streaks from the swivel and cylinder, re-

. spertively. ‘
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the product of the'tangential velocity, Ves , due torotation about the
swivel and the exposure time, te -

The tangential velocity of any point about the swivel is given by

Ve = RO (4.20)

where RS is the distance from the point (in this case the midpoint of the
streaks) to the swivel.
Then the contribution to the streak length by the motion about the swivel

is given by

= Q .
SQ Rs te (4.21)

If the cylinder imparts circulation to the environment, then the
imparted circulation measured at a distance from the cylinder edge cannot
be greater than the amount that would result' from the conservation of
angular momentum. We assume that the contribution to streak length
made by the induced circulation decreases inversely with distance from
the cylinder.

The circulation at the cylinder edge is related to the tangentiai

velocity, Ve, at a .distance, r, from the center of the cylinder by
wr ¢ = rVe ' (4.22)

where w is the angular velocity at the cylinder of radius LI which was
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shown to be equal to four times the angular velocity at the swivel, Q.
Then the contribution of the circulation around the cylinder to the
streak length in the proximity of the cylinder is

ra

S == ut (4.23)
where ry is the distance from the streak's midpoint to the center of the
cylinder.

The contributions are combined vectorially as shown in Figure 4.7

to yield the theoretical streaks length, Sr' as

- (a2 2 _ ) /2 :
8 = (85 + 8 28, 5, cos ¢) (4.24)

where ¢ is the angle described by the two radii ry and RS at the midpoint
of the streaks as seen in Figure 4.7,
After substituting from equations (4.21) and (4.23) in terms of Q

while considering the law of cosines, equation (4.24) reduces to

r 4 r 2
S =Qt[R2+16—%—- - 4
r e r r
S S
(rs"* + RS"- - R® )_I 12 (4.25)

Results of computations of theoretical streak length Sr using
equation (4.25) are shown in Tables 4.2 through 4.4. The measur.ed

values, after accounting for photographic enlargement, are also listed

for comparison.
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In Figure 4.8 the theoretical and experimental values are plotted
to the left and right, respectively, of the point representing the midpoint
of the streak. Each streak is numbered and the values correspond to the
tabulated values for each plot.

The measured streak lengths are considerably larger than would
be expected if the fluid were responding only to rotation about the swivel.
Also, the percent increase in streak length near the cylinder, progressing
toward the swivel (toward the bottom, in the figure), generally approximates
the percent increase in the theoretical streak lengths in that direction (see
e.g. streaks 1 through 14). There is no doubt that the measured streaks
are larger toward the swivel side of the cylilnder (the bottom side in the
figure) . Photographs 11 and 26 show the general distribution but contain
fewer measureable streaks.

The values computed theoretically contain no allowance for frictional
loss of circulation in the fluid. The values are therefore considered high
and are expected to be greater than measured streak lengths. However,
since the experimental values of streak lengths measured on the photographs

are generally higher than the corresponding theoretical values, the difference

.is attributible to difficulties in determining distinct streak beginnings and
endings.

The difference between measured and theoretical values is generally
about 20 percent. Future refinements in experimental techniques are ex-

pected to reduce that difference.
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V - CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

At the initial development the storm cloud is influenced by the
converged air and by the ambient flow that it obstructs. The balance of
these two effects controls storm motion while énhancing its development
to a severe storm by contributing toward increasing the convergence.
Atmospheric drag makes the cloud curve in the direction of vertical wind
shear and veer, and causes circulation to be induced about the cloud.
This may contribute to transverse forces which cause the storm to increase
its motion toward the inflowing low level air and, thereby, contribute
toward increasing the convergenze. Where circulation is induced and
significant transverse forces are operating, the storm contains the neces-
sary ingredients to support its severity.

The circulation that could be induced by a storm cloud growing in
a veering and shearing environment, whose path is curved in response to
the drag effects of the ambient air, is significant since it is equivalent
to tornado circulation. If there were some mechanism to concentrate the
vorticity at the cloud edge into the area of a tornado vortex (diameter about
1 km) while conserving angular momentum, then presumably, tornadic
velocities could be achieved by sufficient curving of the cloud along its

path.
75
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Combining the low level momentum effect with the middle level drag
effect, the first two terms in the mathematical formulation for storm motion,
has resulted in some restrictions in the total number of combinations of
lower and middle layer air velocities that can exist for constant storm
motion. In the future, counsidering the circulation, the third term, in
combination with the first two, should restrict the number of combinations
further and ultimately lead to accurate prediction of storm motion. The
additional terms, such as the pressure differential term and the residual
propagation term should be investigated as measurements become more
plentiful.

The basic hydrodynamic experiment has been performed and, al-
though it has not verified the quantitative relation that will allow a detailed
computation of circulation, we can now be more assured than befo;e that
the experimental analogy to the atmosphere exists. This means that
perfecting éxperimental apparatus and technique should be emphasized
and more experiments should be undertaken.

Hydrodynamic experiments of curving cylinder motion made in a
fluid that is veering and shearing with height, would be more closely
related to a severe storm environment. These experiments should be made
also using cylinders whose roughness varies with depth in the veering and
shearing fluid. It is hoped these experiments will provide both renewed
impetus and encouragement to seek information in existing data“m addition

to providing guides for future case studies investigating the induced
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response of the fluid to the curved motion of the cylinder.

In the past, hydraulic analogies to explain measured phenomena
have been used successfully, especially in the case of pressure jumps.
The increasing number of measurements of storm motions that differ in
direction on both sides of the direction of the mean wind throughout the
storm depth has led some investigators to posit hydrodynamic analogies
with barrier flow.

Goldman (1962) recognized the similarity betweén the motion of
storm radar echoes and the hydrodynamic source plus pure translation. He
explained the effect of circulation (1966) and later (.1967, 1968) developed
a model of three dimensional airflow in a severe storm, based on the
analogy to barrier flow. Sasaki and Syono (1966) used a doublet to repre-
sent the low levels of a moving hurricane. The same analogy was used by
Charba and Sasaki (1968) to explain the anomalous motion of severe storms
on a particular day. This same case was studied by Fujita and Grandoso
(1968) with a resulting model development, based on Karman vortex theory.
Although their development did not distinguish between free (Karman)
vortices and bound vortices (in storms with substantial updrafts and cir-
culation about them), their approach is in the direct‘ion of hydrodynamic
analogies. More recently, Darkow (1969) sugge.sted considering horizontal
shear to account for transverse forces on a severe storm’, Barnes.(1969)
used barrier flow concepts accompanying his des.cription of a radiosonde

ascent within an updraft. In his description of the sequence of events he
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included the anticyclonic curving of radar echo paths during their early
stage of development in the veering environment.

With the seeds of hydrodynamic barrier flow theory being planted
somewhat more firmly iq the minds of empiricists, perhaps more studies
will include investigation of the early stage of storm development to check
the effect of a veering environment on the storm's path against the eventual

development of circulation about the storm.
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LIST OF SYMBOLS

Symbol Definition

A area of cylinder

- - .

AS storm acceleration

Z storm velocity

CD drag coefficient

d¢ time rate of change of the storm's

dt motion, acceleration

D diameter of upward motion, diameter of
cylinder representing storm volume

F force

h height of cylinder representing storm
volume

Ii inward flux of air below the inversion
converged into the storm

J- upward flux of air inside storm

u

K curvature

2 width of inflowing channel of air

m mass of storm

M middle level moisture

P difference in ambient velocities

-

VP diff. gradient of differential pressure
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Symbol | Definition
Q _ convection contributing quantity
r radius
rc. radius of cylinder
rS distance from center of the cylinder to

streak's midpoint

R radius of swivel arm
R residual acceleration
PR

Rs distance from swivel to streak's mid-
point

S stability index

Sr theoretical streak length at any distance
r

SQ contribution to streak length due to
motion of cylinder about the swivel

3 mass of air taken into storm per unit
time

S contribution to streak length due to

w circulation about the cylinder

te exposure time

U velocity of ambient air relative to
moving storm

\Y velocity of ambient air relative to
ground

Ve tangential velocity about the cylinder

Ves tangential velocity about swivel

-»

v velocity vector



Symbol
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Definition

the velocity representative of the mean
mass weighted vertical flux

depth of inflowing air, to height of
inversion

angle subtended at cylinder by rotation
vorticity

angle subtended by cylinder revolving
at swivel

mean density of air
angular velocity at swivel
angular velocity

angle described by the two radii ry
and RS

circulation about the storm
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SUBSCRIPTS
Symbol Definition
c at cylinder
D middle (dry level)
e exposure
M middle layer
P upper (plume level)
PR propagation
S at swivel, or streak
S1 inner arc length
Sa outer arc length
sia sub-inversion layer
w low (wet level)
As S, - 8§,
) in the direction theta
Q contribution due to Q
® contribution due to

8s tangential velocity about the swivel



