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ANALYSIS OF STORMFURY DATA
USING THE VARIATIONAL OPTIMIZATION APPROACH

Robert C. Sheets

The variational optimization technique is used to develop
a scheme to analyze the high energy portion of a hurricane.
The derived analysis equations are used to filter the data in
an attempt to obtain the signal for selected scales of motion.
The particular filters were designed from empirical evidence.
These filters are also used to develop variability factors
for the standard meteorological parameters and selected scales
of motion. A second set of analysis equations is derived which
includes the first set as well as the gradient wind condition.

These analysis schemes are applied to data collected in
Hurricane Debbie (1969) during two artificial modification
attempts. The results of these analyses are then used to
define a more explicit seeding hypothesis which can explain
and evaluate future seeding experiments.

The wvalidity of the technique is based on empirical
evidence, since statistical evaluation is quite difficult to
obtain. Although strong physical inferences can be drawn from
this analysis, more such data analyses are required before
strong statistical support can be claimed.

1. INTRODUCTION

Two basic questions must be answered in any attempt to determine
possible effects of artificial modification attempts on hurricanes.
What changes in structure or intensity actually occurred? What, if any,
portion of these changes result from the modification experiments? The
approach reported in this paper attempts to provide answers for the first
guestion and presents strong evidence for answering the second.

There are many questions concerning general or climatic conditions
that must also be considered before looking at details for particular
case studies. For instance, what is the likelihood that a hurricane goes
through a natural diurnal variation? The seeding cases studied for this
paper were continuously monitored for nearly 24-hours, and the actual
seeding occurred over a 10-hour period. Therefore, any natural diurnal
variation must be considered in the analysis. Many other factors must
also be considered; such as, are changes in intensity of the hurricanes
related to the location of the storm? Is there any correlation between
the size of the hurricane eye and its present or future natural changes
in intensity? Do stronger or weaker storms or intensifying or decaying



storms exhibit characteristic fluctuations? There are many more similar

guestions that could be asked, and the author has attempted to answer
many of them in previous papers (Sheets, 1969a, b, 1970, 1972a, b).

Theoretically, it would appear to be a simple matter to determine
what changes occur. However, in practice, this becomes a very difficult
problem. For the past few years, highly instrumented aircraft have been
collecting invaluable information within the high energy portion of
hurricanes. Many problems associated with the processing of this data
have been encountered and solved. However, some significant sources of
error continue to plague the researcher when analyzing these data. One
such source is in positioning the data with respect to some fixed
reference point, such as the center of the moving storm. This center is
usually taken as the geometric center of the eye of the storm as
determined by radar. Often the radar eye is not circular and sometimes
is discontinuous. Even more detrimental is that continuous displays of
the radar center are not always available. In addition, the Doppler
radar system is affected by the moving surface water and heavy precipita-
tion; these factors can further contribute to positioning errors. Other
parameters also contain significant sources of errors, and the result is
that considerable effort is needed to process these data. Much skill and
knowledge in the art of processing these data have been attained over
recent years and are directed at minimizing these errors. However,
significant errors still remain.

Several case studies of the high energy portion of hurricanes show
they have a variety of types, sizes, and strengths. For instance,
Hurricanes Dora (1964) (Sheets, 1968) and Helene (1958) (Colon, 1964)
were relatively strong storms that covered a large area; whereas,
Hurricane Daisy (1958) (Colon, 1961) was a small, intense storm during
the investigation. Hurricanes Hilda (1964) (Hawkins and Rubsam, 1968)
and Cleo (1958) (LaSeur and Hawkins, 1963) were somewhere between these
two extremes in size and structure, but Janice (1958) and Ella (1962)
(Sheets, 1967a, b) were generally less organized than any of the above
storms. However, all these storms had many common features.

Quite pertinent to this study is the presence of small areas of
extremum (maximum and minimum) values of the various parameters, such as
wind speed, temperature, and moisture. Often, these maximum centers are
associated with major rainbands or strong cells within the rainbands.
These features apparently circulate, propagate, or form and dissipate
around the storm center and are quite prominent in the middle and lower
troposphere. This natural condition results in large fluctuations of a
given variable such as wind speed in both space and time. For instance,
it is not unusual for wind speed changes of as much as 30 percent or more
to occur within a few minutes at a position fixed with respect to the storm
center. Fluctuations of this same magnitude are observed over short hori-
zontal distances in space. Both of these features are readily apparent in



1964 (Sheets, 1968).

analyses of Hurricane Dora for September 7 and 8,
intensity or

These fluctuations can easily mask changes in the mesoscale
structure of the storm.

A major portion of the large fluctuations apparently is contained
in a few selected scales of motion. If this is true, then it seems
necessary to determine what these scales are, their contributions to the
total change, their conservativeness from hour to hour, day to day, and
storm to storm. Also, it would be desirable to determine whether or not
these features are affected by specified types of artificial modification
attempts. To accomplish this task, some filtering techniques must be
devised to effectively separate the contributions from the desired scales
of motion. An indication of the probable success of this approach was
attained in an earlier study (Sheets, unpublished report), which showed
that simple filtering techniques considerably decrease the magnitude of
the changes. For instance, some short space and time averages of the
maximum wind speed bands reduced the fluctuation of the maximum wind
speed to less than one-third of its original value in the four or five
storms studied and the results still appeared sensitive to major changes.

Standard filtering techniques seem to be somewhat difficult to
apply due to the overwhelming percentage of the variance being contained
in the longer wavelength features. Data records of unequal length, large
variations in end-point values, and mispositioned data present other
significant problems. The removal of some mean profile would permit
study of the smaller scale features in more detail. However, the con-
struction of this profile is quite arbitrary, and mispos i tioned data,
particularly in the eyewall region, could cause very large misleading
values. Many of the more refined techniques become quite complicated
and, even more damaging, require a considerable number of fixed end-point
values. The variational optimization approach offers a method of
obtaining nearly the same information with much less difficulty as well
as providing a systematic method for filling in missing data.

A major portion of this study develops and applies the variational
optimization technique to the data collected in Hurricane Debbie on
August 18 and 20, 1969. Another portion of this study uses the varia-
optimization approach to determine the degree of the validity of

tional
These techniques are discussed in section 2.

the gradient wind model.

The filtered data are stratified according to the scale of motion,
and the wvariability of the various parameters within each scale is
determined. We also attempt to determine if an organized sequence of
changes exists, say from small scales to larger scales; hopefully this
will lead to a more explicit seeding hypothesis. Particular emphasis is
placed on determining a set of events that may occur with the seeded case
and not with the nonseeded case. This approach seems necessary since it
is improbable that enough seeded cases wvill be available in the near
future for applying standard statistical tests. The desired result would
be that the probability would be quite low that this set of events would

occur natural ly.



2. HURRICANE DEBBIE (1969) SEEDING EXPERIMENTS AND RELEVANT HYPOTHESES

Rosenthal (1970 has provided an excellent historical review and
interpretation of the development and evolution of hurricane eyewall
seeding hypotheses. Selected excerpts of the report are repeated below,
but the reader should refer to sections A and 5 of that report to obtain
a more complete understanding of the "seeding hypothesis evolution.”

Many studies have shown that the hurricane eyewall cloud is
generally located in the region of maximum low-level pressure gradient.
Early investigators believed that these wall clouds contained signifi-
cant quantities of supercooled water. This belief was substantiated by
observations from flights at altitudes above the freezing level and was
verified in recent investigations (Sheets, 1969b). These facts led
Simpson and Malkus (1964) to propose an eyewall seeding hypothesis
(called here Hypothesis 1) and quoted from Rosenthal (1971) as follows:

""If this supercooled water were frozen through nucleation
by silver iodide crystals, the released heat of fusion
would produce temperature increases; and therefore,
hydrostatically f pressure decreases near the region of
the strongest pressure gradient. I the central pressure
did not concomitantly decrease, a reduction in maximum
pressure gradient, and in turn, a reduction in wind
speed should be the net result.”

The increase in heat caused by the direct released heat of fusion is
actually a relatively small part of the total process (~-80 cal/gm). The
major contributor, which results from the freezing of the supercooled
water, is, of course, the enhancement of the natural processes of ice
crystal growth and splintering. These processes provide many more
freezing nuclei; this process results in a rapid multiplication of the
rate of release of latent heat of sublimation and fusion (“680 cal/gm).

Rosenthal (1971) then offered several arguments indicating a
necessary modification of the hypothesis and implied experiments to
attain the desired results. The most significant of these arguments is
"...the fact that the eyewall drives the storm's transverse circulation,
and seeding this region alone would very likely accelerate this circula-
tion, thus providing a more rapid inflow of both angular momentum and
water vapor to the eyewall region.”

r

Rosenthal performed several simulated seeding experiments with his
numerical hurricane model. The results of these experiments and the
physical arguments against Hypothesis | led him and others associated

with Project STORMFURY to propose a different hypothesis as follows
(Rosenthal , 1971) :



differs from Hypothesis 1 in that the latter

calls for seeding the eyewall alone whereas the former
suggests seeding either from the eyewall outward or entirely
outward from the eyewall. While the logistics of these
hypotheses differ only slightly, the physical arguments are
substantially different. In Hypothesis 11, the basic idea

is to stimulate convection and ascent at radii greater than
that of the eyewall. The region of stimulated convection
intended to compete with the eyewall for the inflowing air
IT significant portions of the inflow can be
the angular momentum and
eyewall and wind maximum

"Hypothesis 11

is
at low levels.
diverted upward at the seeded radii,

water vapor supplies to the original
will be reduced. As a consequence, one would expect the
original wind maximum to be reduced and the eyewall convection

to be diminished.”

Calculations by Sheets (1969c) indicated that it is difficult to get
much more vertical growth of the hurricane eyewall cloud by seeding.
This results from the very stable condition caused by the release of
latent heat at the upper levels. However, outward from the eyewall, the
potential for increased cloud growth extending above the freezing level
and containing supercooled water increases markedly. This fact, along

with the knowledge of the presence of the required supercooled water in
the clouds outside the eyewall (Sheets, 1969b), offers further evidence

support ing Hypothes is 11.

The Hurricane Debbie experi-
ments on August 18 and 20, 1969,
were performed as suggested by
Hypothesis 1l. These experiments
are described in considerable detail
by Gentry (1970). Only that portion
directly related to this paper is
discussed here. Figure ! shows the
track and geographical locations of
the storm during the two experiments
Figure 2 shows the pattern of the
seeding track. Five seeding runs
were made at approximately 2-hour
intervals during each of the two
seeding experiments. Figure 3 shows
the monitoring flight tracks of the
NOAA Research Flight Facility's DC-6
aircraft, and figure 4 shows the Figure 1. Hurricane Debbie (1969)
monitoring patterns for the various storm track and modification
levels. The analyses in this paper experiments.
are based on the data obtained
during these missions.



DIRECTION OF STORM
FLIGHT TRACK FOR SEEDING AIRCRAFT o R

FLY TO POINTS

i START
i-2-3-4

THEN
REPEAT TRACK 4 TO 5
FLT A - 4 TIMES
FLT B - 5 TIMES

SCALE (NAUTICAL MILES)

Figure 2. Seeding area and flight Figure 3. Flight pattern for
pattern. monitoring missions.

There were three monitoring flights at 12,000 ft on each of the 2
seeding days. The pattern basically consisted of two traverses through
the center of the storm along the direction of motion and then repetitive
traverses normal to the axis of the storm movement for the remainder of
the flight. The monitoring missions began some 2 hours before the first
seeding run and lasted some A to 6 hours after the final seeding.

Measurements of the standard meteorological parameters were digitally
recorded on magnetic tape at 1l1l-sec intervals (Friedman et al., 1969a, b).
These data then went through a rigorous processing procedure where the
winds, aircraft position, etc. were recomputed from the raw data recorded
on the original tape. This procedure included calibration of the signals
recorded from several instruments. These processed data were then

averaged over ! n mile radial distance intervals from the storm center
for input into the analysis scheme (see section 3). r

3. DEVELOPMENT OF THE ANALYSIS EQUATIONS AND VARIABILITY FACTORS

The variational optimization technique (Sasaki, 1958, 1968, 1970a, b)

was used to filter the data and develop a more explicit seeding hypothesis.
The method is based on a functional that defines selected optimization
constraints. Two different functionals were used in this study. The



first, Jj, consists of two low-pass
filters with an "observational con-
straint.” The second, J2, contains
the "gradient wind constraint” in

addition to

The first functional is defined
as follows:

VWO +y(E

+ a0 - 0)2}dr,

where© is any variable, 0 is
observed value of 0, and r is radial
distance from the hurricane center.
The first two terms act as low-pass
filters, and the last term is simi-
lar to a "least-square fitting"™ of
the derived field to the observa-
tions (Wagner, 1970- In the
remainder of this paper, these three
terms are referred to as the curva-
ture, gradient, and observational
constraints, respectively. The
quantities a, y, and (3 are the
weights placed on their respective
terms and, as shown Ilater, determine
the degree of filtering imposed on
the analyses .

The nondimensional finite
difference™analog for (1) as derived
in appendix A (symbols are defined ]
in appendix A) become eyewall experiment.

Figure 4. Flight patterns

Jj - Z (e(Vr20)2 + y(vro)?
r

+ a(0 - 0)2}Ar. )

for



All terms are quadratic. Therefore, the minimum of the value of the
functional is obtained by taking the first variation of (2) with respect

to 9 and letting the first variation vanish under the proper boundary
condition.

Before performing the manipulations associated with variational
calculus, we should note three rules:

1. Variation and differentiation are permutable processes; thus,

6Vrh = \Vréch.

2. Variation and integration are permutable processes; thus,

6E()-E6 ()

r r
and

3. E¢ V6 = - E VS 6l

where ¢ and represent arbitrary functions that can include differen-
tial operators, and 6 represents the variational operator.

Applying the above rules and taking the first variation of (2) with
respect to O, we obtain

6QJ ]

60E (B(Vr20)2 + y(Vr0)2 + a(0 - 0)2} Ar = 0
r

o
“
n

E {2$(V 20)(V 2(60)) + 2y(V 0) (V (60))
r

+

2a(0 - 0)60} Ar= O. (3)

We now use summation by parts and assume natural boundary conditions
(Sasaki, 1969)* Therefore, (3) becomes

AgJdj = E {23Vr20)60 - 2yVr(Vr0)60 + 2a(0 - 0)60} Ar = O,



or
6eJdj =
r
Since the variation, 60,
oVvr40 - yvr20 + a(0 - 0)
which is the classical

referred to as the analysis equation
analysis. This equation is
techniques.

in figure 5«

3.1 Response Function

The response function for the
finite difference analog of the
analysis equation (5) is derived in
order to determine the desired
values for the weights a, y, and 3.
The components of the "true" (0n)
and analyzed (On) fields, are
assumed to be represented by

on = AeiknAr and On = Be "knAr,

o _ Bgik(n+I)Ar _ BeiknAreikAr
lw)
oF
en+2 — gelknAr ,,2iknAI’
(6)
0 - BeiknAr e-il<Ar
n-1 !
o = BeiknAr -2ikATr
UO 2 e s
d = Ar and r = nAr,
where k is the wave number and A and

B are constants.

I {[26Vr4e - 2yVr2e + 2die - 0)]60}Ar = 0.

is arbitrary,

Euler-Lagrange or Euler equation and
in Sasaki's method of variational

readily solved by standard
The Liebmann method described
this paper and the rate of convergence to the solution

(4)

implies that

4)

= 0, )

is also

iterative
in appendix A was used for
is illustrated

RATE OF CONVERGENCE
TO SOLUTION FOR ANALYSIS EQUATION (5)

(A) (om!, ym01, fimo)

(RRURRTERON

(D) (a*1,y»/9*100)

80 120 160
NUMBER OF ITERATIONS

Figure 5. Rate of convergence to
the solution of analysis equation

).



Substituting (6) into (5) we obtain

BelknAr (3[e2ikAr + e_2ikAr + 6 - 4eikAr - 4e"ikAr]/Ar4

- Y[eikAr + e"I<Ar - 2]J/Ar2 + a} = cAeiknAr,

BPiknAr
............. = a/{a- y[2cos KkAr - 2]/Ar

+ g[2cos 2KkAr - 8cos kAr + 6]/Ar4}.

Defining the response function, R, to be the ratio of the analyzed value
to the true value results in

R = 0/0,

or

)
1

1/[1 - 2y(cos kAr - D/aAr2

+

23(cos 2KAr - 4cos KAr + 3)/aAr4]. 7

The wavelength, L, is expressed in multiples of the grid size. Desired
quantities are defined as

L = PAr, k = 2w/L,

or
L = 2u/k, and Ar

L/IP = 2iT/kP, (8)

where P is the number of grid intervals per wavelength. Substituting
from (8) into (7) for Ar in all locations, and for k in the argument of
the cosine function, and introducing the factor k/ko, where ko is some

characteristic wave number taken as 27~/100 n miles in this paper, we
obtain

10



a Bk % ?
R=1{1 y 2w

6 k 2P4
4cos(p-) + 3D- C)]
a 32tt4 (P D
Substituting for P in (9) where
P=L/Ar, kKl = ————- | k/k0 = or L = 100 (£*) ,
0 100 n mi L k
and
Ar = 1 n mi or finally, P = 100/(k/k,),
we obtain
ak/ _ A
R = I/O (100)2[cos(2IT(k-—>) -1]
Y 2tt2 100
(10)
i INTr(k/ko) 2Tr(k/ko)
e kQ2(|00)4 [cos L 100 ) - A cos ( m)+3] >
Y 32ir4 100

Figure 6 illustrates the above response factor plotted as a function
of the wavelength for selected values of the weights a, Y> and $.
Figure 6 also illustrates the difference between selected low-pass filter
response curves. In some cases, the resulting difference has been ampli-
fied to make the peak response value equal to 1. These low-pass and
band-pass filters are used extensively in the analysis portion of this
paper. They will be referred to as filters A, B, and C, and band
filters D, E, and F, corresponding to their designation in figure 6.

3.2 Dynamic Constraint

A simple model that is sometimes applied to portions of the hurri-
cane is the gradient wind model. The gradient wind equation represents
a balance among the centrifugal, Coriolis, and pressure gradient forces.
This condition results in circular motion parallel to the isobars and is
believed to grossly describe the relationship between the wind and

1



RESPONSE CURVES

FOR ANALYSIS EQUATION FINITE DIFFERENCE ANALOG

h WEIGHTS
(A) (a*ymfinl)
(B) (a-Ur-0-10)
(C) (a*1, ymO *100)
' \WE)
BMC PA8§ FILTER WEIGHTS
®) Eall. n0if5n0)-G 1)
(E) L925 *C(A) - (B)1)
(F)  (1.925 *[(B)-(C)1)
K.- 2W100 N.M.
Ar»i NMm.
L = 100N.M./(K/K#)
1000 00 10
WAVELENGTH (N.M.)
Figure 6. Response curves for the analysis equation for selected weights.
pressure in most of the high energy portion of the hurricane. This
relationship per unit mass can be written mathematically as
— + fc- A== O, <">
r p 3r
where
c is the gradient wind speed
r is the radial distance from the center of the
circulation
p is pressure
p is the density, and
f is the Coriolis parameter. This parameter is assumed
to be constant over the range of the storm in this
paper, i.e., f = 498802 x 107’5 sec” at 20°N.
Equation (11) can be rewritten as
+ fc -gl|£ -0 (12)

ANALYSIS EQUATION
evfe-rire + a(e-9)*o
O- ANALYZED VALUE
9 m OBSERVED VALUE

3r

12



where, by use of the hydrostatic approximation, the pressure gradient
term is rewritten as

A functional, containing the observational and gradient wind con-
straints and the two low-pass filters contained in Jx, can be written as

J2 =/Cotlc - V)2 + y(z - 2)2 + + fc - g |i)2

(13)

* y2 ' 4
+MI?
The quantities \il , y2> 3> and U4 are the respective weights on the low-
pass TFTilters, and
a is the weight on the observed wind constraint,
y is the weight on the observed height constraint,
3 is the weight on the gradient wind constraint,

s is the observed wind speed,

z is the observed height of the designated pressure
surface,

g is the acceleration due to gravity,
and the remaining variables are as previously defined.
The nondimensional finite difference analog for (13), as derived in

appendix A, is

J2 =2 {alc - V)2 +y(z - z)2 + B(—+ - Vrz) 2
r r Ko FE£
(14)

+ yx(Vrc)2 + y2(Vr2c)2 + y3(Vrz)2 + y4(Vr2z)2} Ar.

13



We wish to minimize the summation. Since all terms are quadratic,
we take the first variation of the functional (14) with respect to c¢ and

z, and then set the result equal to zero. Using the rules of calculus of
variations and integration by parts previously shown, we obtain

6C 73z = 6. _ 1 { } Ar
r
= £ {2a(c - v)6c + 2y(z - z)6z
r
+ 2e(FHrF=N\D C—""T (<52))
+ 2B(— + |- " 72- V_2) (e + i-)6C
R F T o W
- 2yiVr2céc + 2y2 Vr*csc - 2y3 Vr2z6z + 2y4Vr+z6z}Ar
= O,
or
6, J, = £{[2a(c - v) + 2B(— + -\ V 2) + +-)
c.z 2 RO F

2y1Vr2c + 2y2Vr4c]6c

+

[2y(z - 2) + 2 7(7TVie2_ TT+ F\V - 3?2 \/?

2y3Vvft2z + 2y4Vr4z]6z} Ar = 0. (15)

Since 6¢ and 6z are arbitrary, we obtain

B [- \V/ + —)Vrz + + — +
F r RO - r rR0 RO

+ y2 Vrdc - yx Vr2c + a(c - v)

1
o

(16)
and

y4Vrdz - y3Vr2z + a(z - z)

1
o

(17)



where (16) and (17) are the result-
ing nondimensional finite difference
analogs to the Eul er-Lagrange or

analysis equations for the function- RATE OF COVERGENCE TO SOLUTION FOR
al (13). This set of analysis equa- ANALYSIS EQUATIONS (16 ) AND (17)
tions is solved by the Liebmann

iterative technique as discussed in ) (cerily™ 0i,/9*0IGW. =.01)

appendix A and the convergence to (©) (ct*l,r*£s10,G.W.*10)
the solution is illustrated in
figure 7. WIND

D VALUES

3-3 Variability Factors

The wvariability factors defined
and used in this paper are similar
to the typical gust factor used in
wind analyses. However, the factors
defined in this paper are for the
selected scales of motion and are
defined not only for the wind speed, *
but also for other standard meteoro-
logical parameters. This factor is
determined from the filtered quanti-
ties and’ except for the wind .Speed’ 30 60 90 120 150 180 210 240 270 300
uses Jordan's (1958) mean tropical NUMBER OF ITERATIONS
conditions as a base. The mean
tropical wind speed is assumed to be
small in comparison with the hurri- Figure 7. Rate of convergence to
cane wind speed and is therefore the solution of the analysis
neglected. equations (16) and (17).

.01

The wind wvariability associated with scales of motion determined by
band-pass filters D, E, and F are defined as

VARIB WL = [BFLTR (D)J/[FLTR (A)], (18)
VARIB W2 = [BFLTR (E)]/[FLTR (B)], (19)

d
o VARIB W3 = [BFLTR (F)V[FLTR (O], (20)

where BFLTR (D), (E), and (F) are the absolute values of the analyzed
field obtained by applying band filters (D), (E), and (F) (fig. 2),
respectively, to a set of observed wind data. Likewise, FLTR (A), (B),
and (C) are the analyzed values obtained by applying filters (A), (B),

and (C) to the same set of data.

The pressure variability is defined in the same manner as for the
winds except that a base condition is applied using the mean tropical

atmosphere. That is,

15



VARIB Pl = [BFLTR (D)J/[Ht -Hy - FLTR (A)]. (21)

VARIB P2

[BFLTR (E)V/[Hj -Hy - FLTR (B)], (22)
and
VARIB P3

[BFLTR (F)J[Hy -Hy - FLTR (C)], (23)

where BFLTR and FLTR aredefined as above, except that the analysis now
refers to [ Dl values. The quantity Hj is the height of the pressure
surface in the mean tropical atmosphere from which the |D' value is
obtained (reference level), and Hy is the height of that same pressure
surface in the U. S. Standard Atmosphere. This factor is required
because the 1D! value is defined as the height deviation of the given

pressure surface from the height of that same pressure surface in the
U. S. Standard Atmosphere.

The temperature variability is also defined, through use of a base

condition determined from the mean tropical atmosphere, i.e.,
VARIB T1 = [BFLTR (D)J/[FLTR (A) - 0.98xT], (2k)
VARIB T2 = [BFLTR (E)J/[FLTR (B) - 0.98xT], (25)

and VARIB T3 = [BFLTR (F)J/[FLTR (C) - 0.98xT], (26)

where BFLTR and FLTR are as previously defined except that the analysis
now refers to temperature, and T is the mean tropical temperature for
the desired reference level. The arbitrary factor of 0.98 was used to
avoid discontinuities that arise when__the deviation approaches zero.
In practice, the values for FLTR and T are used in degrees absolute.

The mixing ratio wvariability is defined as

VARIB Ml = [BFLTR (D) J/[FLTR (A) - M], 27)

VARIB M2 = [BFLTR (E)J/[FLTR (B) - M], (28)
and

VARIB M3 = [BFLTR (F)J/[FLTR (O - M], (29)

where all factors are as previously defined, but applied to the moisture
field, and M is the mixing ratio value for the specified reference
level in the mean tropical atmosphere. 4

ANALYSIS OF HURRICANE DEBBIE - AUGUST 18, 1969

The fkthod of analysis described in section 2 is applied to the
data collected in Hurricane Debbie on August 18, 1969- These data were
recorded aboard the NOAA DC-6 aircraft and processed as described in
section 2. The variables investigated are wind, temperature, moisture,
and pressure. The data are assumed to be collected instantaneously on a

16



given pass. In actuality, the time required for the aircraft to make a
single pass through the storm was approximately 20 to 30 min. These data
are then averaged over small space and time intervals before being
inserted into the analysis equations. The grid interval of | n mile was

chosen for the analysis.

4 .1 Kinetic Energy

The application of filters "A", "B", and MCM shows large changes in

the Kkinetic energy occurred during the seeding experiment. The profiles
shown in figure 8 are for the left and right sides of the storm before

QLJ;CITII:?(;ANKIIENEQFCBBEIEE}?G%GUST 18,1969 HURRICANE DEBBIE AUGUST 18, 1969
—_— SPECIFIC KINETIC ENERGY
36- FILTER A FILTER "A" e 1204 GMT
-------- 1644 GMT

- FILTER "B’
FILTER "B*
%)
=
o
=
X
FILTER "C
FILTER "Cl
-----1313 GMT
— 1025GMT
——-19/0157 GMT
(SwW) ~ (NE)
RADIAL DISTANCE (NAUTICAL MILES) RADIAL DISTANCE (NAUTICAL MILES)
Figure 8. Kinetic energy profiles
for the SW and NE quadrants of
the storm. the storm.
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seeding, immediately after the third seeding run, and finally some A
hours after the final seeding event. These profiles exhibit a large
decrease in the maximum value of the kinetic energy for the sum of all
wavelengths represented. This total decrease amounted to approximately
40 percent for each filtered quantity for the northeast quadrant, or
right side, of the storm. The left side shows a net decrease of 31 and
18 percent for the kinetic energy in the wavelengths represented by "All
and "B", respectively, but a net increase of 9 percent for those wave-
lengths associated with filter MCM. The southwest quadrant, or left
side, of the storm also had an increase in kinetic energy with time
for larger radial distances from the storm center. Figure 9 shows the
profiles of kinetic energy associated with these same filters for the
northwest and southeast quadrants. Changes for the southeast quadrant
range from 25 to 38 percent decreases for all three filtered quantities
(table 1); but the northwest quadrant shows a 15 percent decrease for
filter "A", k percent for filter "B", and a 14 percent increase for
filter "C".

Of particular interest is that except for the southeast quadrant,
approximately two-thirds of the total change, which occurred in the
longer wavelengths (filter MCM) , occurred by the time of the third
seeding. For this same period, the net change of Kkinetic energy associ-
ated with filters "A" and nBM was considerably less. In fact, the
changes in specific kinetic energy associated with filters "A", "B",
and "C" for this period were approximately 300, 500, and 650 knotsZ2,
respectively, for the right side of the storm. These results indicate
that an enhancement of the small-scale features occurred while the
longer wavelengths decreased, since filter "A" contains filter nBM and
filter "BM contains filter MCM.

Cumulonimbus scale (band filter "D"). The kinetic energy profiles
indicate that for this scale the southwest and northwest quadrants were
the most active throughout the entire experiment (figs. 10 and 11).
Except for some enhancement in the southeast quadrant, apparently no
large changes occurred in this quantity through the time of the third
seeding. However, a significant decrease then did occur, and reached a
minimum of activity near 0200 GMT on August 19- From then, on through
the end of the monitoring period, the kinetic energy increased. This
scale also seems to have been quite active along the axis of storm
movement (northwest and southeast quadrants) and again reached a minimum
of activity near 0200 GMT on August 19 (fig. 11). It is also interesting
to note that the most active region for this scale was immediately down-
stream from the seeding area (northwest and southwest quadrants). The
least active areas were behind and to the right of the storm center;
however, note that these areas were quite active before the first
seeding, and their degree of activity did not change markedly until the
third seeding.

18



Table 1.
Hurricane

OBS TIME
(SW-NE/SE-NW)
(1) 1313/1204 GMT
(2) 1825/1644 GMT
(3) 0157/0108 GMT
X change (1) to (2)
% change (2) to (3)
X change (1) to (3)
(SW-EE/SE-NW)
(1) 1313/1204 GMT
(2) 1825/1644 GMT
(3) 0157/0108 GMT
X change (1) to (2)
X change (2) to (3)
X change (1) to (3)
(SW-NE/SE-NW)
(1) 1313/1204 GMT
(2) 1825/1644 GMT
(3) 0157/0108 GMT
X change (1) to (2
X change (2) to (3)

X change () to (3)

SW

2604

3248

1789

+24.73

-44.91

-31.29

2049

2620

1667

+27.86

-36.37

-18.64

1307

1664

1423

+27-31

-14.48

+ 8.87
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August 18, 1969.
QUADRANT
NE SE
FILTER "A"
3878 2625
3537 2610
2168 1613
- 8.79 - 0.57
-38.70 -38.19
-44.09 -38.55
FILTER "B"
3370 2251
2891 2438
1949 1486
-14.21 + 8.30
-32.58 -39-04
-42.16 -33-98
FILTER "C"
2557 1712
1917 1811
1564 1291
-25.02 + 5.78
-18.41 -28.71
-38.83 -24.59

NW

2475

3328

2111

+34.46

-36.56

-14.70

1953

2661

1869

+36.25

-29-76

- 4.30

1432

1663

1637

+16.13

- 1.56

+14.31

Maximum Specific Kinetic Energy (kt2) and Percent Changes for

Debbie on

NET

3878

3537

2168

- 8.79

-38.70

-44.09

3370

2891

1949

-14.21

-32.58

-42.16

2557

1917

1637

-25.02

-14.60

-35.97



HURRICANE DEBBIE

SPECIFIC KINETIC ENERGY

ALL TIMES'
1328~ 1252 1904~ 1928
1255 19/0144........0210
17171739 0237 0212
1804 1742 0240.......0257
18121837 0322 0259
1902 ----1840
50 40 30 20 10 20 30 40 50 50 40 30 20 10 10 20 30 40 50
(NE) (sw)
RADIAL DISTANCE (NAUTICAL MILES)
Figure 10. Kinetic energy profiles (~cumulonimbus scale) for the SW and

NE quadrants of the storm.

The wvariability of the wind
associated with the cumulonimbus
scale (VARIB W1) is shown
12. Before seeding, the maximum
value of this wvariability outside
the eyewall
0.05.
through the early portion of the
seeding runs on the southwest side
of the storm center and remained
nearly unchanged in the northeast
quadrant. The horizontal
of the wind in the southwest quad-
rant reached a minimum after the

final seeding run, but appeared to
be on the increase by the time of
the final monitoring pass.

Rainband scale (band filter
"E”). The response for the inter-
mediate wavelengths (approximately
rainband scale) indicates that the
kinetic energy increased in the

AUGUST 18, 1969
BAND FILTER "O'

HURRICANE DEBBIE AUGUST 18, 1969

L TIMES GMT

in figure

region was approximately
This value more than doubled

variation

19/0051
0121

AN
Y
(SE)

50
(Nw)

40 30 10 20 30 40

10
RADIAL DISTANCE (NAUTICAL MILES)

Figure 11. Kinetic energy profiles
cumulonimbus scale) for the NwW

and SE quadrants of the storm.
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HURRICANE DEBBIE AUGUST 18,1969

WIND SPEED VARIABILITY VARIB W1
" 1334 1252 1904 1928
ALL TIMES GMT «2i -1255 i19/0144  -0210
]
1717 02370212

>
=
:l
(an]
<
o
<
>

1837

-1840

60 40 40 60 40 40 60
(SW) (NE) (SW) (NE)

RADIAL DISTANCE (NAUTICAL MILES)

Figure 12. Relative wind speed variability profiles for approximate
cumulonimbus scale (VARIB WI) .
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HURRICANE DEBBIE AUGUST 18, 1969

SPECIFIC KINETIC ENERGY BAND FILTER
400 - (ALL TIMES GMT)
1328 1252 1904 1928
1321 1255 19/0144 0210
1717 1739 0237 0212
1804........ 1742 0240 0257
t-200
- 100
1812 1837 0322 0259
1902 1840
- 100
50 40 30 20 10 10 20 30 40 50 50 40 30 20 10 10 20 30 40 50
(NE) (sw)
RADIAL DISTANCE (NAUTICAL MILES)
Figure 13. Kinetic energy profiles rainband scale) for the SW and NE

quadrants of the storm.

HURRICANE DEBBIE AUGUST 18, 1969
SPECIFIC KINETIC ENERGY BAND FILTER "E"

(ALL TIMES GMT)
northeast quadrant through the time 1132 1239

of the third seeding and then dampen-
ed in all quadrants (figs. 13 and 14)
through the end of the monitoring
period. Again, before this general
decrease, the most active areas for
these scales were ahead and to the
left of the storm center (northwest
and southwest quadrants).

1557 1626
« 300 1657 1626

The wind wvariability associated
with the rainband scale (VARIB W2)
is shown in figure 15* Before
seeding, the peak values outside the 0041
. 0054
eye on the left side of the storm
ranged from 0.3 to 0.45. Near the
time of the third seeding run, these
values decreased some 30 to 40 per-

cent. During the same period, the 50 40 JO 20 10 7 o 20 30 40 50
values on the right side increased (NW)  RADIAL DISTANCE (NAUTICAL MILES)  (SE
by 30 to 40 percent. The values ) o )
became somewhat unsettled between Figure 14. Kinetic energy profiles
the third and fourth seeding. This rainband scale) for the NW and

SE quadrants of the storm.
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HURRICANE DEBBIE AUGUST 18,1969

WIND SPEED VARIABILITY VARIB. W2
ALLTIMES GMT 1334----- 1252 1928
0210

/I m
1717----1739 0237—-0212
1804----1742 0240-—-- 0257
1812------1837 0322------ 0259

1902——1840

(NE)(SW)
RADIAL DISTANCE (NAUTICAL MILES)

Figure 15. Relative wind speed variability profiles for approximate
rainband scale motion (VARIB W2).

period was followed by a general reduction in the values for both sides
of the storm. The peak values outside the eye for the final monitoring
pass were approximately 0.1 as compared with the 0.3 to 0.4 values before
the seeding events.
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HURRICANE DEBBIE AUGUST 18. 1969
SPECIFIC KINETIC ENERGY

BAND FILTER MF"
(ALL TIMES GMT)

1252 1904

1928
1321 - 1255 19/0144 0210
1717 -1739 0237 0212
UN7 1804 - 1742 0240 0257
=
o 400 o
=
~
1812 1837 0322 0259
50 40 30 20 10 10 20 30 40 50 50 40 30 20 10 10 20 30 40 50
(NE)
RADIAL DISTANCE (NAUTICAL MILES)
Figure 16.

Kinetic energy profiles (‘-eyewall

scale) for the SW and NE
quadrants of the storm.

HURRICANE DEBBIE  AUGUST 18.1969
SPECIFIC KINETIC ENERGY BAND FILTER "F*

(ALL TIMES GMT)
Eyewall scale (band filter "F").

The response associated with the

slightly longer wavelengths (approxi-

mately eyewall scale) shows in-

creased kinetic energy in nearly all

quadrants before the third seeding

(figs. 16 and 17). Also, the de- 00 iiz

crease in the eye diameter during

this period agrees with the radar

structure as depicted in Black et

al. (1970). Probably the most sig-'

nificant feature of these two fig-

ures is the dramatic decrease in the 0041

eyewall response after the third 600 - mo054

seeding. This response was almost

nonexistent near the end of the

600-

400-

. R R 200-

monitoring period. Note that the

kinetic energy associated with this 50 40 SO 20 10 )
Scale was genera”y tWICG as Iarge [NW) RADIAL DISTANCE (NAUJfQCALQAILESQ

as for the intermediate (rainband)
scale and more than an order of

magnitude larger than for the cumu-
lonimbus scale.

Figure 17. Kinetic energy profiles

(—~eyewall scale) for the NW and SE
quadrants of the storm.



Theeyewall scale wind variability (fig. 18) changed little through
the time of the third seeding run. However, the peak value outside the
eye on the southwest side of the storm reduced by 50 percent by the end
of the monitoring period. The peak value on the northeast side changed
little during the experiment except that it moved some 5 n miles closer
to the storm center near the end of the monitoring period.

4.2 Pressure

The filtered MDM values changed little in the large-scale features

the pressure field during the modi fication experiment (fig. 19)- The
profiles resulting from application of filters "A" and MBM evidence a
significant reduction in the pressure gradient on the southwest side of
the storm during the experiment. The pressure profile for the northeast,
or right, side of the storm indicates little change during this same
period. The minimum value obtained from all three filters shows a small
decrease in pressure during the

seeding, but the value recorded

approximately 4 hours after the HURRICANE DEBBIE AUGUST 18, 1969

A ) K i X "D" VALUES
final seeding is nearly identical
to that recorded before any seeding.
HURRICANE DEBBIE  AUGUST 18, 1969
WIND VARIABILITY VARIB W3
.. 1313 GMT | - 1313 GMT
- 1825 GMT | _ 1825 GMT

19/0157 GMT , - 19/0157 GMT

ui 10
>
=
=
om
<
x FILTER"B
>
FILTER "Cl
50 40 30 20 10 10 20 30 40 50
60 40 20 ~ 20 40 60
(SW)  RADIAL DISTANCE (NAUTICAL MILES)  (NE) RADIAL DISTANCE (NAUTICAL MILES)
Figure 18. Relative wind speed Figure 19. D value profiles from
variability profiles for application of filters "A", "B",
approximate eyewall scale motion and "C" for before, during, and
(VARIB W3) . after the seeding events.
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Cumulonimbus scale (band filter "D”). Many of the small-scale
features, which were almost totally masked by the large-scale features
shown in the previous figure, are readily observed in figure 20. These
cumulonimbus scale features exhibit a large horizontal variability in
time and space. However, the dominant feature in this time sequence of
profiles appears to be the decrease in the magnitude of these band-
filtered "D" values by the end of the seeding period. This reduction

averages more than 50 percent over the horizontal distance depicted in
these profiles.

HURRICANE DEBBIE AUGUST 18, 1969

BAND FILTER "D"
= = = - . 1334
ALEESSS T n

19/0144
| M ml

1717--—1739 0237 0212
13041742 0240-----0257

FEET

Loy 18121837~ -0322-—— 0259
J 1902 1040

\al \ Aflil ifj aL

- Mu NMAji/ \M
10 V'"WK]] L¥w V
-20 - \]
(SW) 40 20 20 40 (NEHSw, 40 20 20 40

(NE)
RADIAL DISTANCE (NAUTICAL MILES)

Figure 20. D value profiles cumulonimbus scale) of the observed data.
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The pressure variability associated with the cumulonimbus scale
(VARIB PI) was largest before the first seeding run (fig. 21). However,
the most apparent change did not occur until after the third seeding.
The wvariability then remained small for the remainder of the monitoring
period, averaging about one-quarter of the value determined for the
monitored period before the first seeding event.

HURRICANE  DEBBIE  AUGUST 18, 1969

VARIB PI
13341252 - 1904 1928 -
(ALL TIMES  GMT) 1321 1255.. 19/0144-m 0210 -
1717 1739-- 0237 0212 -
10041742 0240 0257 -
>
E
=
[a0]
<
a4
<
>
1812-—-1837- 103220259 -
1902-- 1840-
50 40 30 20 10 10 20 30 40 50 50 30 20 KN T K 20 30 40 50
(NE)  (SW)

RADIAL DISTANCE (NAUTICAL MILES)

Figure 21. Pressure variability profiles for approximate cumulonimbus
scale notion.
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Rainband scale (band filter "E'). The band-filtered 1D value
profiles for the rainband scale also exhibited a reduction in pressure
gradient, especially on the left, or southwest, side of the storm (fig.
22). Again, the magnitude of these values decreased by as much as 50

percent, with almost none of the change occurring before the third
seeding.

HURRICANE DEBBIE AUGUST 18,1969
BAND FILTERED "D" VALUES

1313 GMT

1825 OMT BAND FILTER "E
19/0157 GMT

=
L
L
w
BAND FILTER "F
0
o
|
<
>
qgq -50
-200

RADIAL DISTANCE (NAUTICAL MILES)

Figure 22. D value profiles (~rainband and eyewall scales) of the

observed data.
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The pressure variability for the rainband scale (VARIB P2) (fig. 23)
exhibited nearly the same characteristics observed for the cumulonimbus
scale. However, the final monitoring run revealed less horizontal
variation, but the magnitude of this wvariability, exclusive of the eye
region, increased markedly over that shown ! hour earlier.

HURRICANE DEBBIE AUGUST 18, 1969
PRESSURE VARIABILITY VARIB P2
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RADIAL DISTANCE

Figure 23.
scale motion.
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Eyewall scale (band filter IE").
The band-filtered 'D! value for the
eyewall scale (-50 n miles) shows a
net reduction in the minimum value
and the maximum value on the left
side of the storm (fig. 22). How-

ever, the right side shows an
increase in maximum value and gra-
dient. In contrast to the results

obtained for the cumulonimbus and
rainband scales, most of the net
change occurred before the third
seeding run.

Figure 24 shows the pressure
variability associated with the
eyewall scale. A reduction in the
magnitude of this wvariability
occurred in the left and central
portion of the storm during the
seeding operation; however, in the
region beyond approximately 30 n
miles on the right side of the storm
the pressure increased. It is sig-
nificant to note that most of these
changes occurred before the third
seeding run.

4.3 Temperature

The filtered temperature pro-
files (fig. 25) show a net reduction
in the maximum temperatures measured
before seeding until 4 hours after
the final seeding event. On the
southwest side of the storm, a sig-
nificant change occurred in the
temperature field from before
seeding until after the third
seeding (1313 to 1825 GMT). How-
ever, the temperature field changed
little on the northeast side for
the same period. By the end of the
seeding operation,the thermal struc-
ture on the southwest side of the
storm returned to a state similar
to that observed before the first
seeding event (except for the eye
and eyewall region). However, a
significant change took place on
the northeast side of the storm

3

HURRICANE DEBBIE
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VARIB P3
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Figure 24. Pressure variability
profiles for approximate eyewall
scale motion.
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Figure 25. Temperature profiles

obtained by application of filters
"A", "B", and "C" for the periods
of before, during, and after the
seeding events.
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where, in the outer regions, the temperature increased by approximately
2°C after the third seeding. This change occurred in the longer wave-
lengths, as evidenced by nearly the same clrange occurring for the value
obtained from applying filter "C" as compared with that obtained by
filter "A". Most of the temperature reduction taking place over the
central region occurred in the shorter wavelengths.

Cumulonimbus scale (band filter "D"). The time sequence of tempera-
ture profiles indicates a significant reduction in the magnitude of
cumulonimbus scale values occurred after the third seeding event (fig.
26). This, of course, corresponds favorably to the same feature observed
in the pressure profiles. The range of these values from before the
first seeding until after the third seeding is approximately *1°C. The
last two profiles for this day and location show maximum values to be
generally less than +0.5°C. Again as for the pressure profiles, the
southwest side apparently was more active than the right side of the
storm for this scale of motion.

HURRICANE DEBBIE AUGUST 18, 1969

TEMPERATURE BAND FILTER D
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Figure 26. Temperature profiles for approximate cumulonimbus scale.
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The cumulonimbus scale temperature variability (VARIB T1) increased
slightly up through the time of the third seeding and then decreased
markedly, as noted for the pressure profiles (fig. 27). This reduction
generally exceeded 50 percent. Again, the southwest side in general
appears to have been more active than the northeast side. However, the
northeast side was quite active at times and near the end of the
monitoring period even surpassed the southwest side. The sensitivity of
this parameter is readily observed in the large variations over short
time and space intervals.

HURRICANE DEBBIE AUGUST 18, 1969
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Figure 27. Temperature variability profiles for appi~rmate
cumulonimbus scale motion.
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Rainband scale (band filter "E'). The rainband scale temperature

profiles show maximum values to be about 1.5 times greater than those
associated with the cumulonimbus scale (fig. 28). Again, of particular
significance is the reduction in the amplitude of the temperature profile

that occurred during the modification experiment.

As expected, the temperature variability for the rainband scale
(VARIB T2) appears to be more conservative (fig. 29) than for the
cumulonimbus scale. This same trend is noted for the rainband scale
as for the cumulonimbus scale. That is, the magnitude of the parameter
apparently increased during the early seeding periods and then decreased
markedly after the third seeding event, when the average value decreased

by 30 to kO percent.

HURRICANE DEBBIE AUGUST 18,1969
BAND FILTERED TEMPERATURES

------- 1313 GMT
------ 1825 GMT BAND FILTER

—————— 19/0157 GMT

BAND FILTER

20 > 20
RADIAL DISTANCE (NAUTICAL MILES)

Figure 28. Temperature profiles for approximate rainband and eyewall

scales.
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Eyewall scale (band filter "F'). The eyewall scale temperature
profiles (fig. 28) also indicate that a reduction in amplitude occurred
with the passage of time. Of particular interest is the reduction in
the temperature gradient in the eyewall region (approximately 15 to 30
n miles from the storm center) for this scale of motion. Furthermore,
the temperature reduction over the central region exceeded 1°C for this
scale, indicating that the reduction of temperature noted over the

central regions in figure 25 was primarily concentrated in the eyewall
scale.

HURRICANE DEBBIE AUGUST 18, 1969
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Figure 29. Temperature variability profiles for approximate rainband
scale motion.
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The eyewall scale temperature
variability (VARIB T3) exhibits the
most dramatic change of these three
temperature variability parameters
(fig. 30). Reductions of 57, 37,
and 52 percent in the maximum value
of this parameter for the southwest,
central, and northeast portions of
the storm, respectively, occurred
during the monitoring period. As
we noted for the previous parameters,
most of this change took place after
the third seeding event.

4.4 Moisture

The eye and eyewall region
were quite prominent in the mois-
ture field before the first seeding
run, as illustrated in figure 31
(filter "A") . That is, the eyewall
region had a relative maximum mois-
ture content and a distinct minimum
moisture region over the interior
portion of the eye. These features
remained prominent throughout the
third seeding. However, the region
of maximum mixing ratio on the
northeast side of the storm started
to enlarge by 1825 GMT, and the
moisture gradient decreased. The
prominent regions of maximum values
associated with the eyewall at
1313 GMT nearly dissipated by 0157
GMT on August 19 (filter "A™). The
maximum moisture values continued
to be on the right side of the
storm, but had been diffused over a
much larger area. The moisture
profiles associ ated with filters "B"
and "C" also indicate a considerable
increase in moisture for the entire
area monitored. This increase
apparently was concentrated in the
longer wavelength features with
average values rising by | to 1.5
g/kg over the entire area within
50 n miles of the storm center.
Also of interest

cant portion of this increase
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Temperature variability
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scale motion.
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occurred before the third seeding, especially in the outer regions

monitored. However, as for other parameters, the greatest portion of
this change occurred after the third seeding event.

Cumulonimbus scale (band filter "D"). The cumulonimbus scale
mixing ratio field (fig. 32) did not exhibit the major reduction in
amplitude evident for the previously discussed parameters. However, in
a few areas significant reductions in the extreme values did occur
particularly on the southwest side of the storm. The most prominent of
these was located between 10 and 20 n miles left of the storm center and

persisted as an identifiable feature through more than the first 6 hours
of the monitoring period.

HURRICANE DEBBIE AUGUST 18, 1969
BAND FILTER
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Figure 32. Mixing ratio profiles for approximate cumulonimbus scale.
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The mixing ratio variability for the cumulonimbus scale (VARIB Ml)
had maximum values located on the southwest side before the first seeding
(fig- 33)- The magnitude of the variability on the right side of the
storm was about one-half that for the left side through the first 6
or 7 hours of the monitoring period. These values generally decreased
by about 40 percent through the seeding period and then increased to
values as large as those observed on the first two monitoring passes.
Simultaneously, the values on the east side decreased during the early
seeding runs and then remained relatively steady through the end of the
monitoring period. The net result is that the moisture variability was
nearly the same for both sides of the storm at the end of the monitoring

period.
HURRICANE DEBBIE AUGUST 18, 1969
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Figure 33. Moisture variability profiles for approximate cumulonimbus

scale motion.
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Rainband scale (band filter HURRICANE DEBBIE ~ AUGUST 18( 1969
. MIXING RATIOS

"E") . The magnitude of the values
of the rainband scale mixing ratio
profiles (fig. 3*0 decreased during
the monitoring period, particularly
on the southwest side of the storm.
By the end of the monitoring period,
the resulting values were less than
0.5 g/kg for this area. Most of

BAND FILTER "E*

this change occurred after the third " BAND FILTER “F* T
seeding run. The northeast section woen 1825 GMT
did not show as large a net change, ~--19/0157 GMT -

but in contrast to the southwest
side, a major reduction occurred by
the time of the intermediate pass
shown, and the magnitude of the
values appeared to be increasing by

the end of the monitoring period. 50 40 30 20 10 ~ 10 20 30

(sw) RADIAL DISTANCE (NAUTICAL MILES)
The rainband scale (VARIB M2) Figure 34. Mixing ratio profiles
mixing ratio variability exhibited for approximate rainband and eye-
similar characteristics (fig. 35). wall scales.

At the beginning, the maximum values

of this parameter were largest on the southwest side; they decreased
during the seeding operations and were approximately equal to those
computed for the northeast side of the storm at the end of the monitoring
period. The total reduction in the maximum value is more than 50 percent.

Eyewall scale (band filter “F"). The large-scale features exhibited
nearly the same characteristic as observed for the rainband scale (fig.
3**). However, the values for the northeast side apparently continued to

decrease through the end of the monitoring period.

The largest net change in the mixing ratio variability occurred in
the longer wavelengths (fig. 36). The mixing ratio variability associ-
ated with the eyewall scale (VARIB M3) decreased by 73 percent for the
southwest side of the storm and 57°‘percent for the northeast side. Also,
the character of this variability changed; the horizontal variations
were considerably less by the end of the monitoring period compared with
those of the earlier passes.

45 Comparison of Analysis Results With
Seeding Hypotheses | and 11

Seeding Hypothesis | is rather difficult to evaluate in terms of
the data collected in Hurricane Debbie. Also, the experiment as con-
ducted was not exactly as that proposed in seeding Hypothesis 1. That
is, the seeding was not confined to the eyewall region, but extended
some distance outward from the eyewall. The change in the ratio of the
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Figure 35. Moisture variability profiles for approximate rainband

scale motion.

supercooled water-to-ice particles

in the seeded regions were not
directly measured. However, tem-
perature, wind, and pressure were £
measured and do give an indication K
of what probably occurred in the t
areas having supercooled water. 5

Hypothesis | basically suggests
that the maximum temperature and
pressure gradients should reduce
along with the maximum wind speeds.
These conditions all occurred, as
discussed in the previous analysis.
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However, other changes took place which do not correspond favorably with

Hypothesis |I. The reduction in temperature gradients in the region of
the eyewall was hypothesized to be caused by increasing the temperature
on the exterior edge of the maximum temperature gradient. In actuality,

this reduction in temperature gradient was more a result of the decrease
in temperatures over the central region; whereas, the temperature in the
maximum wind speed region showed only small net changes from before the
first seeding run until after the final monitoring pass.

Seeding Hypothesis 1l is more explicit. The experiment as carried
out in Hurricane Debbie conformed much more to the procedure proposed
by Hypothesis Il than it did to Hypothesis |I. Hypothesis Il calls for

stimulating convection at radii outward from the region of maxi mum winds.
This region of increased convection then competes with the eyewall region
for the air inflowing at low levels. The result should be a reduced
prominence of the eyewall region, reduced temperature and pressure
gradients in the eyewall region, and thus reduced maximum wind speeds.
The results of the experiment on Hurricane Debbie for August 18, 1969,
strongly suggest that all of these events occurred at least through the
period of the first three seeding runs. That is, the reduction in
temperature over the central region and its slight increase at larger
radii indicate that some portion of the inflowing low-level air, which
normally drives the storm's transverse circulation through the eyewall
region, was being intercepted at larger radii. Also there was some
evidence of increased convection during the early portion of the seeding
operation. After the third seeding, the small and intermediate scale

features became much more diffuse, suggesting a possible merging of the
smaller scale features.

The reduction in the large-scale feature that occurred on August 18,
1969, was not predicted by either Hypothesis | or Hypothesis I1l1. In
fact, calculations of the expected decrease in maximum winds were about
10 to 15 percent, but the actual reduction in maximum winds was about
30 percent. These results imply that the seeding effects were being
superimposed on a large-scale change that was occurring naturally.

5. ANALYSIS OF HURRICANE DEBBIE - AUGUST 20, 1969

The method of analysis described in section 2 is applied to data
collected in Hurricane Debbie on August 20, 1969- This is the same
scheme and parameters as used in the previous section. They are
presented similar to section 4, except that these data were collected on
August 20, 1969. More data were obtained during the August 20 operation
than during the August 18 experiment, and the seeding operation began
approximately 2 hours earlier than on the 18th. These differences
occurred primarily because the storm was nearer the base of operations
on August 20 than on August 18 (fig. 1)
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5.1 Kinetic Energy

The kinetic energy profiles obtained by applying filters "A", "B"

and "C" to the observed data are shown
in all quadrants before the seeding

maxima structure is quite evident

HURRICANE DEBBIE AUG. 20,1969
SPECIFIC KINETIC ENERGY
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w 20 -
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S89. 3K
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RAGAL BRTANCY  (NABRICALARILENE)
Figure 37. Kinetic energy profiles
for the SW-NE quadrants of the

storm.

in figures 37 and }Q. The double
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runs, as shown in the profiles obtained by application of filter MAM.

The prominence of this double structure reduced considerably by the time
of the intermediate pass and disappeared by the time of the final profile
for each quadrant. Also quite evident is that in the northeast and
southwest quadrants the radius of these maxima increased by more than

10 n miles between 1140 and 1700 GMT, and then decreased slightly by the
time of the pass at 0210 GMT on August 21. The change in the location

of these maxima was not nearly as great for the northwest and southeast
quadrants.

The kinetic energy increased significantly in the northeast and
southwest quadrants from 1140 GMT (before seeding) to 1700 GMT (after
the third seeding), as indicated in figure 37 and table 2. This increase
is 20.59 and 5*48 percent for the southwest and northeast quadrants,
respectively, for filter "A"; 23.28 and 23-93 percent for filter "B";
and 12.3* and 15-54 percent for filter "Cll. The changes in the southeast
and northwest quadrants for this period were considerably less. However,
the increase in the northwest quadrant is significant - 4.18, 15-23,
and 10.86 percent for filters "A", MBM, and "C", respectively. This set
of numbers indicates that most of this change occurred in the longer and
intermediate wavelengths , since filter "A" contains filter "B", and
filter nBM contains filter "C". Between 1700 GMT August 20 and 0210 GMT
August 21, a major decrease of approximately 20 percent (northeast
qguadrant) and 10 to 12 percent (southwest quadrant) occurred for all
three filtered quantities. The net result was an overall decrease in
the northeast quadrant of 14, 1, and 9 percent for filters "A", "B",
and "C", respectively, and a net increase of 6, 8, and 2 percent for the
same filtered quantities for the southwest quadrant. There was a general
reduction in the rear (southeast) portions of the storm and an increase
in the front (northwest) portions. The rate of increase was much larger
from 0955 to 1445 GMT than from 1445 until 2311 GMT. Also of particular
interest is that the kinetic energy increased at larger radial distances
from the storm center in two quadrants (northwest and southwest) , and
the same trend appears to have taken place in the northeast quadrant.

Cumulonimbus scale (band filter "D"). The Kkinetic energy profiles
associated with the cumulonimbus scale are shown in figures 39 and 40.
This scale shows a considerable enhancement in the northeast quadrant
almost immediately after the first seeding run (1155 to 1237 GMT). The
pass just after the second seeding run was along the direction of storm
motion. The response for the cumulonimbus scale increased considerably
in the northwest quadrant shortly after the second seeding event (1429
to 1456 GMT). A similar sequence of events occurred in the northeast
quadrant after the third seeding. During this same period, the level of
activity for this scale seems to have been on the increase in the south-
west quadrant. This activity reached its peak near the end of the
seeding period, and subsided through the end of the monitoring period.
The level of activity for this scale in the northeast quadrant apparently
reached its peak earlier and then decreased nearly through the end of
the monitoring period. However, the final two passes through this area,
which occurred some 5 to 6 hours after the final seeding run, indicate
that the level of activity was increasing. These same profiles for the
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Table 2.

Maximum Specific Kinetic Energy (kt2)

Hurricane Debbie on August 20, 1969

OBS TIME

(SW-NE/SE-NW)

(1) 1140/0955 GMT
(2) 1700/1445 GMT
(3) 0210/2311 GMT
% change (1) to (2)
% change (2) to (3)
% change (1) to (3)
(SW-NE/SE-NW)

(1) 1140/0955 GMT
(2) 1700/1445 GMT
(3) 0210/2311 GMT
% change (1) to (2)

% change (2) to (3)

% change () to (3)
(SW-NE/SE-NW)
(1) 1140/0955 GMT

(2) 1700/1445 GMT
(3) 0210/2311 GMT
% change (I) to (2)
% change (2) to (3)

% change (1) to (3)

SW

3374

4069

3576

+20.59

-12.11

+ 5.98

2929

3611

3170

+23.28

-12.21

+ 8.22

2317

2603

2368

+12.34

- 9.02

+ 2.20

QUADRANT
NE SE
FILTER "An
3448 3931
3637 3863
2959 3822
+ 5.48 - 1.72
-18.64 -1.06
-14.18 - 277
FILTER "B
2691 3378
3335 3452
2666 3268
+23.93 + 2.19
-20.05 - 533
- 0.92 - 3.25
FILTER *C"
2162 2699
2498 2720
1973 2306
+15.54 + 0.77
-21.01 -15.22
- 8.74 -14.56

"3

and Percent Changes for

NW

3755

3912

3902

+ 4.18

- 0.25

+ 3-91

3033

3495

3521

+15.23

+ 0.74

+16.08

2300

2550

2660

+10.86

+ 4.31

+15.65

NET

3931

4069

3902

+ 3.51

- 4.10

- 0.73

3378

3611

3521

+ 6.89

- 2.49

+ 4.23

2699

2720

2660

+ 0.77

- 2.20

- 1.44
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Figure 39. Kinetic energy profiles for the SW-NE quadrants of the storm

(~cumulonimbus scale) .

HURRICANE DEBBIE AUGUST 20, 1969

SPECIFIC KINETIC ENERGY BAND FILTER "O"

northwest and southeast quadrants (ALL TIMES GMT )

covering some 3 to 4 hours after
the final seeding period indicate
a high level of activity in the
southeast quadrant for this scale,
but with almost no response in the
northwest quadrant.

The wind speed variability
profiles for approximate cumulo-
nimbus scale motion (VARIB W1) show
a considerable increase in the north
east quadrant just after the first”
seeding run (fig. 41). This re-
sponse level then decreased after
the seeding. (Compare the profile
for 1155 to 1235 GMT with that for
1240 to 1308 GMT.) The next two
monitoring passes through this
region occurred just before and
shortly after the third seeding

period. Again, in the northeast Figure 40.

0929
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2328
2329 0004

RADIAL DISTANCE (NAUTICAL MILES)

Kinetic energy profiles

qguadrant a significant increase took for the NW-SW quadrants of the

place after the seeding. A similar storm
sequence occurred for the period

surrounding the fourth seeding event
(-1800 GMT). The peak response in

cumulonimbus scale).
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Figure 41. Relative wind speed variability profiles for
approximate cumulus scale motion (VARIB WI).

45

x 10"

VARIABILITY
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Figure 42. Kinetic energy profiles
storm rainband scale) .

the southeast quadrant occurred
approximately 1i hours after the
fourth seeding. The peak value
(exclusive of the central region)
was located approximately 30 n miles
outward from the storm center. If
the seeding agent remained suspended
in the tangential flow at the proper
levels, it would have taken approxi-
mately 1i hours for it to reach this
area from its point of release.

Rainband scale (band filter
”E") . The Kinetic energy profiles
associated with the rainband scale
show the magnitude of the maximum
value decreased through most of the
seeding period in all quadrants
(figs. 42 and 43). This decline

seemed to be quite steady through

the first 6 hours of the operation, Figure 43.
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Figure 44.

Relative wind speed variability profiles for

approximate raihband scale motion (VARIB W2) .
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fluctuated somewhat between the fourth and fifth seeding events, and
then decreased again through the end of the monitoring period. For the
period before seeding until well after the final seeding event, the
magnitude of the maximum Kkinetic energy value located outside the eye
decreased by approximately 72, 69, 50, and 14 percent for the northeast,
southwest, northwest, and southeast quadrants, respectively.

The wind speed variability profiles for approximate rainband scale
motion (VARIB W2) are shown in figure 44. The magnitude of this varia-
bility outside the eye increased considerably in the northeast quadrant
after the first seeding run. Note that this wvariability continued to
increase through the ! hour period after this seeding run, whereas the
cumulonimbus scale variability tended to show a decrease near the end
of this same period. This rainband scale variability subsided just
before the third seeding period, and then showed a dramatic increase
("300 percent). The wind speed variability for the rainband scale was
also increasing in the southwest quadrant during this same period. The
wind speed variability continued to increase on both the right and left
(NE-SW) sides of the storm, reached a maximum near the end of the seeding
period, and then subsided. The two profiles obtained at the end of
the monitoring period were quite similar in maximum magnitudes to those
recorded before the first seeding event.

HURRICANE DEBBIE AUGUST 20, 1969

SPECIFIC KINETIC ENERGY BAND FILTER "Fu
800 - (ALL TIMES GMT)
1049----- 1121
1154...1123 1840
1155------- 1237 1841--------1908
-1240 — 1909
X
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=
o 800 S
1528------ 1553 20/0034 ------- 0104 g
0127 0105

1648 1713

50 40 30 20 10 20 30 40 50 50 40 30 20 10 10 20 30 40 50
(NE) (sw)
RADIAL DISTANCE (NAUTICAL MILES)

Figure 45. Kinetic energy profiles for SW-NE quadrants of the storm
eyewall scale).
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Eyewall scale (band filter "F").

associated with the eyewall
46. Before the first seeding,
eye was relatively low. In fact,
ably, but generally
decreased.

scale of motion are shown

The kinetic energy profiles
in figures 45 and

the maximum Kinetic energy outside the

these values were only about one-half
of what were observed on August 18 (fig.

16). They fluctuated consider-

increased on through the fourth seeding and then
The result was that these values at the end of the monitoring

period were nearly the same as those obtained before the first seeding

scale motion (VARIB

These profiles are again before seeding

run.
The wind speed variability profiles for eyewall
W3) indicate little net change in the magnitude of the response for the
three passes shown in figure 47.
(1140 GMT),

monitoring period (21/0210 GMT).
magnitudes of the peak values,

the final

after the third seeding (1700 GMT), and at the end of the
Although there was
a distinct shift outward
of these regions of maximum values occurred,
expanded between 1140 and 1700 GMT.

little change

in the location
indicating the eye diameter

A shift inward then occurred, but

location of these peak values was approximately 5 n miles

farther from the storm center than before the first seeding.

HURRICANE DEBBIE AUGUST 20,1969
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Figure 46. Kinetic energy profiles

for NW-SE quadrants of the storm
eyewall scale).

HURRICANE DEBBIE AUGUST 20,1969

WIND VARIABILITY VARIB W3
1140 GMT
1700 GMT
21/0210 GMT
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Figure 47. Relative wind speed
variability profiles for approxi-
mate rainband scale motion
(VARIB W3) .
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The minimum value of the
filtered "D" values increased
between the third seeding and the

final monitoring pass of the day
(fig. 48). Approximately one-half
of this increase took place in the

long wavelengths with most of the
remainder occurring in the rainband
to eyewall scale of motion. Although
the central pressure was steady
through the first 6 hours of the
experiment for the sum of the long
and intermediate wavelengths
(filters "A" and "B™")» the long
wavelength features (filter "C")
decreased. This, of course, implies
that an increase in pressure must
have been occurring in the inter-
mediate wavelengths.

Cumulonimbus scale (band filter
"D"). The horizontal variations of
the cumulonimbus scale "D" value
profiles generally increased in
magnitude after the first seeding
(fig. 49). This parameter generally
remains quite active through the
seeding period and then dampens

considerably by the end of the
monitoring period. The maximum

values at the end of the monitoring
period were approximately 50 percent
smaller than those generally ob-

served during the seeding operation.

Figure 48.

HURRICANE DEBBIE AUGUST 20,1969

£ values

FILTER V (ALL TIMES GMT)

ul -20

I- -60
FILTER "B"

. FILTER"C'

RADIAL DISTANCE (NAUTICAL MILES)

D value profiles for
before, during, and after the
seeding events.

The cumulonimbus scale pressure variability profile (VARIB P1) is

shown in figure 50. No major change

in the magnitudes of thi*

parameter

occurred during most of the seeding period, except at a few isolated

points. However,
seeding period and

a general

dampening trend appeared near the end of the
lasted through the final

monitoring pass. In fact,

the average magnitude of this parameter within 30 n miles of the storm
center at the end of the monitoring period was approximately one-half
of that recorded before the first seeding period.
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Rainband scale (band filter "E'™). The rainband scale "D" value
profiles show a distinct decrease in the pressure gradients, particularly
in the eyewall region (fig. 51). Most of this pressure change occurred
before the fourth seeding period; however, the final profile is much
smoother than either of the two recorded earlier. Also, the maximum
amplitude of the curve obtained on the last monitoring pass is 40 percent

smaller than that recorded before seeding.

HURRICANE DEBBIE AUGUST 20, 1969
BAND FILTER "D"

Nl vai ups

ALL TIMES GMT

17481814
1840----- 1816

1155 1237 1841----—--- 1908 -
1933------- 1909 -h20I-
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III||
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Figure 49. D value profiles (-cumuloninbus scale) of the observed data.
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The rainband scale pressure variability profiles (VARIB P2) are
shown in figure 52. Although considerable horizontal and time variations
existed in this parameter, it is difficult to determine any significant
trend. The average amplitude of the profiles, except for a few select
points, remained nearly the same through most of tihe monitoring period.

HURRICANE DEBBIE AUGUST 20, 1969

PRESSURE VARIABILITY VARIB. Pi
ALL TIMES GMT 1748--cememv 1814
1154 1123 1040 1016
1155—-1237 -- 1847 -—meemv 1008 -
1300~ 1240 -- 1953 1909 -
>
=
=
m
3034 0104 - <
1645------- 1620 0127------- 0105 - EE:
>
1640 1713 0128 0152
1741 1715 0223 0153
=" wv  (NEHSW)

RADIAL DISTANCE (NAUTICAL MILES)

Figure 50. Pressure variability profiles for approximate cumulonimbus
scale.
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Eyewall scale (band filter "F"). During the seeding operation, the
eyewall scale "D" value profiles also decreased in amplitude and pressure
gradient in the eyewall region (fig. 51). Again, a major portion of this

change took place before the fourth seeding, but a significant amount
occurred between the fourth seeding and the final monitoring pass.

HURRICANE DEBBIE AUGUST 20, 1969
BAND FILTERED "D" VALUES

1140 GMT
1700 GMT BAND FILTER
21/0210 GMT

BAND FILTER MF

* -50
-100
-150

-200

-350

*
RADIAQ. DISTANCE (NAUTRAL MILEZH

Figure 51. D value profiles rainband and eyewall scales) of the
observed data.
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Figure 52.

scale motion.
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The eyewall scale pressure HURRICANE DEBBIE ~ AUGUST 20, 1969
variability profiles (VARIB P3) , PRESSURE VARIABILITY ey fRIB P3

however, exhibited distinct changes - 1140 GMT
(fig- 53). The magnitude of this 3 - T e et
parameter decreased by about 50

percent in the southwest quadrant,

but showed little net change in the

northeast quadrant during the €20 -

moni tori ng period .

5-3 Temperature 5-

40 30 20 0 =~ 10 20 30 40

The flltered temperature RAOIAL DISTANCE (NAUTICAL MILES)

profiles (fig. 5*0 show that a large . .
change occurred during the seeding Fl?ure 53' Pressure variability

profiles for approximate eyewall

operation. The maximum temperature .
scale motion.

observed in the central regions of

the storm steadily decreased with HURRCANE DEBBIE AUGUST 20,1969

time, especially for the short and TEMPERATURE

intermediate wavelengths (filters

"A" and "B"). However, the major FILTER A _g‘(‘)%gm

portion of the reduction that -21/0210GMT

occurred in the longer wavelengths
(filter "C") came after the third
seeding. This temperature reduction
in the longer wavelengths during
the latter portion of the monitoring
period accounts for most of the
change in maximum temperature shown
in the illustrations for filters FILTER B
"A" and ,,B". These results imply
that a possible sequence of events
occurred where the changes first
appeared in the shorter wavelength
features and then progressed through
the longer wavelengths. Of partic-
ular interest in this set of pro-
files is the reduction of tempera- FILTER "C"
ture gradient that occurred. This
feature - particularly evident in
the eyewall region on the northeast
side of the storm - is present in
all three filtered quantities. The
temperature profiles also became
. . (NE
smoother during the experiment, as W) RADIAL DISTANCE (NAUTICAL MILES)

illustrated by the disappearance of
the secondary temperature maximum Figure 54. Temperature profiles for

located on the northeast side of the before, during, and after the
seeding events.
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storm. During this same time interval, the temperature increased in
the outer regions of the storm covered by the monitoring pattern.
Cumulonimbus scale (band filter "D"). The time sequence of tempera-
ture profiles representing the cumulonimbus scale indicates that the
maximum value reduced considerably during the monitoring period (fig.
55). In fact, the maximum amplitude of the curves for the temperatures
recorded at the end of the monitoring period is less than one-half
of that observed before the first seeding. The largest portion of this
reduction appears to have occurred during the early portion of the
monitoring period. The northeast and southwest sides of the storm were
apparently about equally active for this scale of motion during most of

the monitoring period; however, the general trend of maximum values
decreased through most of the experiment.

The cumulonimbus scale temperature variability profiles (VARIB T1)
for the left and right sides of the storm (SW-NE) are shown in figure 56-

The maximum magnitudes of this parameter fluctuated considerably during
the seeding operation. The peak values on the southwest side of the

HURRICANE DEBBIE AUGUST 20,1969 .
TEMPERATURE BAND FILTER "D

(ALL TIMES GMT)

1049 1748------ 1814
1154 1040--—-- 1816
1237 1841- 1908

_10. 1240 1933- 1909 _10 =z
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-5 Q
1528-------1553 21/0034* 0104
1645----- 1620 0127 m0105
1648------- 1713 0128* 0152
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Figure 55. Temperature profiles (*cumulonimbus scale) for the observed data.
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HURRICANE DEBBIE AUGUST 20, 1969
TEMPERATURE ~ VARIABILITY VARIB  T1

Lol |
(ALL TIMES GMT)

1237 1841 ------1908
1240 1933--—---- 1909
21/0034 0104
0127 0105
1648-— 1713 0123 0152
17411715 0223-—0153
50 50
(HE)  (SW)

RADIAL DISTANCE (NAUTICAL MILES)

Figure 56. Temperature variability profiles for approximate
cumulonimbus scale motion.
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storm significantly increased in magnitude during the first 5 or 6 hours
of the monitoring period. These peak values then decreased slowly
through the end of the monitoring period. The values recorded during the
final two monitoring passes through this area average 25 to 50 percent
less than those observed near the third and fourth seedings. The peak
values for the northeast side of the storm follow this same general trend,
except that the maximum values were recorded near the first seeding run
and decreased through the end of the monitoring period.

Rainband scale (band filter "E™"). The temperature profiles repre-
senting the rainband scale also show that a considerable reduction in
amplitude occurred during the experiment (fig. 57)* Most of this change
occurred before the fourth seeding event. The reduction
ture gradient for this scale of motion was quite
the northeast quadrant.

in the tempera-
large, particularly in

HURRICANE DEBBIE AUGUST 20,1969
BAND FILTERED TEMPERATURES

1140 GMT "
1700 oMT BAND FILTER "E
21/0210 GMT

BAND FILTER "F

SW RADIAL DISTANCE (NAUTICAL MILES) NE

Figure 57. Temperature profiles (~rainband and eyewall

scales) for
the observed data.
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HURRICANE DEBBIE AUGUST 20. 1969
TEMPERATURE VARIABILITY VARIB T2

T
(ALL TIMES GMT)

1155 1841----- 1908
1308 1933----- 1909

21/0034-----0104

1645- -1620 A 0127----- 0105
1648----- 1713 0128-----0152
1741----- 1715 0223——0153
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Figure 58. Temperature variability profiles for approximate
rainband scale motion.
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The rainband scale temperature HURRICANE DEBBIE  AUGUST 20, 1969

variability profiles (VARIB T2) TEMPERATURE VARIABILITY VARIB T3
(fig. 58) show large horizontal and

time variations. The maximum values - 1140 GMT
of this parameter occurred ftefore e
the fourth seeding. These values

then decreased, and the maximum

values recorded near the end of the

monitoring period averaged some 20

to 50 percent less than those re-

corded before the first seeding

event.

Eyewall scale (band filter "F").
The eyewall scale temperature pro-

files indicate this same general SO 40 30 20 10 T 10 20 30
trend (flg_ 57) The Centra' Va'ue (sw) RADIAL DISTANCE (NAUTICAL MILES)
decreased by 2°C during the moni- Figure 59. Temperature variability
toring period with three-quarters profiles for approximate eyewall
of this change occurring before the scale motion.

fourth seeding. During the same HURRICANE DEBBIE AUGUST 20,1969
period, the minimum temperatures MIXING RATIOS

increased by approximately 1°C. FILTER A" 1140 GMT
These two changes resulted in a A A 1700 GMT
major reduction of the hurricane PN AAT—21/02106MT
scale temperature gradient. 1L

The temperature variability

profiles for the eyewall scale
(VARIB T3) are shown in figure 59-
The maximum values for this variable
significantly reduced in the south-
west and central portions of the
storm before the fourth seeding
event. During this same period, the
double maxima on the northeast side
of the storm were replaced by a
single peak value. The total reduc-
tion of the peak values of the tem-
perature variability during the - FILTER “C
monitoring missions was approximately

, 30, and 25 percent, respectively,
for the southwest, central, and
northeast portions of the storm.

- FILTER B

5.4 Moisture

(sw) (NE)
RADIAL DISTANCE (NAUTICAL MILES
The double eye structure pres- ( )

ent during the early portions of theFi“ure 60/ Mixing ratio profiles

modification experiment (August 20, resulting from application of
1969), is quite evident in the mois- filters "A", "B", and "C" for be-
ture field analysis for this time fore, during, and after the seeding

(fig. 60). This feature was present events.
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before the first seeding (1140 GMT) but became considerably less distinct
by 1700 GMT. However, some semblance of this structure remained through-
out the monitoring period, especially in the profiles obtained by appli-
cation of filter "A". Also of considerable interest is that the minimum
central value increased during the experiment. This feature is quite
prominent in both sets of profiles obtained through use of filters "A"
and "B". During this same period, the total amount of moisture increased
over the central and southwestern portions of the storm. This was
especially true for the longer wavelengths, where the value increased by

approximately 1.0 to .1.5 gm/kg.

Cumulonimbus scale (band fitler D). The cumulonimbus scale mixing
ratio profiles show a trend toward a slight decrease with time after the
first seeding period (fig. 61). The minimum average amplitude was
recorded some 4 to 5 hours after the final seeding event, and then larger

amplitudes were noted for the final two passes through the area.

HURRICANE DEBBIE AUGUST 20,1969

MIXING RATIO BAND FILTER “D"

1 g\l T
It i el ¥
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Figure 61. Mixing ratio profiles cumuloninbus scale) for the
observed data.
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HURRICANE DEBBIE AUGUST 20, 1969

RATIO VARIABILITY. ) ,VAFIB.*1,

(ALL TIMES™GMT) 55397 1121 17481814
1154 — 1123 1840-----1816
1155—1237 -- 1841---1908
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Figure 62 Moisture variability profiles (mixing ratios) for approxi-

HURRICANE DEBBIE AUGUST 20, 1969
MIXING RATIO

mate cumulonimbus scale

. . BAND FILTER "E*
The cumulonimbus scale mixing

ratio variability profiles (VARI*B
MIl) show very Ilittle change in the
average amplitude during the experi-
ment (fig. 62). Local changes
occurred, but it is difficult to
associate them with a particular

BAND FILTER *F
event.

1140 GMT
1700 GMT

Rainband scale (band filter 21/0210 GMT
"E”) . The mixing ratio profiles
associated with the rainband scale
are depicted in figure 63. The
average amplitude of the profile for
August 21, 0210 GMT, is approxi-
mately one-half that recorded before
. . 50 40 30 20 10 o 10 20 30 40
the first seeding event. (sW) RADIAL DISTANCE (NAUTICAL MILES)
Figure 63. Mixing ratio profiles
rainband and eyewall scales) for
the observed data.

62



HURRICANE DEBBIE AUGUST 20,1969

MIXING RATIO VARIABILITY VARIB M 2
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Figure 64. Moisture variability profiles (mixing ratios) for
approximate rainband scale motion.
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HURRICANE DEBBIE AUGUST 20, 1969

The mIXIng ratlo Varlabi“ty MIXING RATIO VARIABILITY VARIOM3

profiles associated with rainband
scale motion (VARIB M2) show the — 1140 GMT

--------- 1700 GMT
average amplitude decreased during 0o 21/0210 GMT

the monitoring period (fig. 64).
The average values, obtained some

3 to 5 hours after the final seeding
event, were approximately 10 to 20
percent smaller than those observed
during the early portion of the
monitoring period.

Eyewall scale (band filter "F").
The eyewall scale mixing ratio pro-
files show a trend toward less hori- 50 40 30 10 20 30 40
zontal variation during the period RACIAL  DISTANCE ~ (NAUTICAL MILES)
of the experiment - particularly Figure 65. Moisture variability
over the central regions. The mini- profiles (mixing ratios) for
mum central value increased by approximate cumulonimbus scale
approximately 2 gm/kg during this motion.
period, while the value in the eye-
wall remained nearly constant.

The eyewall scale mixing ratio variability profiles (VARIB M3) show
that during the modification attempts (fig. 65) the average amplitude
reduced 20 to 30 percent over the central and southwest portions of the

storm. This reduction reflects the trend toward smoother profiles as
was depicted earlier (fig. 60) .

5.5 Comparison of Analysis Results With
Seeding Hypothesis | and Il

The changes that occurred in Hurricane Debbie in the cumulonimbus and
intermediate (rainband and eyewall) scales of motion on August 20, 1969,

were quite similar to those on August 18, 1969. However, the large-scale
changes were quite different. Apparently, any seeding effects that took
place were being superimposed on a large-scale increase in storm inten-
sity, particularly during the first half of the seeding experiment period.

The seeding experiment conducted on August 20, 1969 - identical to
that on August 18, 1969 _ was quite similar to that proposed under
Hypothesis Il and different from that suggested by Hypothesis |I. The net

results indicate that temperatures decreased in the central region and
increased in the outer regions; these results offer considerable support
for Hypothesis I1l. During the early seeding periods, there is a strong
indication that the low-level moist air flow was being intercepted at
larger radii and that the convective activity increased at these loca-
tions and competed with the eyewall region for the low-level flow. The
prominence of the eyewall structure decreased during the experiment. This
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feature was particularly evident in the moisture field analyses. The
net result was smoothing of the intermediate scale features in the
pressure, temperature, and moisture fields, particularly after the time
of the third or fourth seeding. Again, these data do not offer much
support for Hypothesis 1, since the temperature gradient reduction in
the eyewal!l region primarily resulted from a decrease in temperature
over the central region and an increase at larger radii rather than in
the immediate eyewall area.

6. GRADIENT WIND ANALYSIS OF HURRICANE DEBBIE

The gradient wind model developed in section 3 and appendix A was
applied to the observed wind- and pressure fields. The analyzed data
are presented in two forms. The first is nondi mens ional scaled components
that show the contribution from each term contained in the gradient wind
equation. The second is the filtered relative winds (relative to the
moving storm center) and the gradient wind computed from the filtered
pressure field. Two subgroups of analyses are also presented for the
August 18 and 20 Hurricane Debbie data. The first analysis was obtained
by applying equal weight to the relative wind- and pressure fields and
zero weight to the gradient wind constraint. That is, the wind- and
pressure fields were filtered simultaneously and assumed to be equally
accurate. If we believe the measurement of one parameter was less
reliable than the other, then more weight would have been placed on the

terms containing the more reliable measurements.

We would like to determine what parts of the storm, if any, meet
the gradient wind conditions for selected degrees of filtering. In the
cases presented, filters MAM and "B" were chosen. The results from
application of filter MCM are not presented, because they contain only
the long wavelength features and deviate considerably from the gradient
wind condition. As mentioned previously, the wind- and pressure fields
were filtered simultaneously through the use of analysis equations (16)
and (17). The first subgroup represents the base condition, which was
obtained from the analysis equations by use of zero weight on the
gradient wind constraint and other terms weighted according to require-

ments for filter "A" or "B".

The second subgroup was also obtained by use of analysis equations
(16) and (17). However, in this case, the gradient wind constraint was
assigned a weight 100 times that placed on the low-pass filtering terms.
This of course causes the analysis to approach the gradient wind condi-
tion. Profiles of the resulting wind field along with the gradient wind
computed from the resulting pressure field are presented. In this
manner, we can determine where or if the gradient wind equation is appli-
cable in the hurricane where information is obtained from both the obser-
ved D values and the observed wind field. This knowledge of the wind-
pressure relationship becomes very useful when developing simple hurri-
cane models or when attempting to Till in missing data for analysis
when either the pressure or the wind measurements are missing.
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6.1 Hurricane Debbie - HURRICANE DEBBIE AUGUST 18. 1969
August 18, 1969 GRADIENT WIND ANALYSIS FILTER “A*

The profiles shown in figure 66 pressure 6
are for the periods before the first
seeding, after the third seeding,
and approximately 4 hours after the CENTRIFUGAL
final seeding. Filter "A" has re-
moved most of the high frequency
components and some.cumulus scale

motion. However, some relatively wTHouT RADIENT

large horizontal pressure gradient W GRAdENT

variations continued to be present.

These variations were much greater e e PRESSURE GRADIENT

when only the components with wave-

lengths less than 2 n miles were

removed (not illustrated). The

response profiles for the centri-

fugal and Coriolis terms are much

smoother, reflecting the effect of

the radial distance factor in the

centrifugal term and the constant

Coriolis parameter. The contribu-

tion from the Coriolis term is an 190137 GMT

order of magnitude smaller than the PRESSURE GRACIENT
other two terms over the high energy
portion of the storm. The primary
effect that the gradient wind con-
straint had on the response of these
three components was to smooth the
pressure gradient profile. The
other two profiles underwent only
minor changes.

CORIOLIS

m45—

The pressure gradient partic- W) RADIAL DISTANCE (NAUTICAL MILES) (NE)
ularly on the southwest side of Figure 66. Gradient wind component
the storm, underwent a major change analysis (August 18, 1969) result
during the monitoring period. This ing from application of filter "A"

quantity had its largest horizontal with and without the gradient wind
variations during the actual seeding constraint, to the observed pres-
period (=1825 GMT) and the least sure and wind fields.

some k hours after the final seeding

event. That is, the analysis that included the gradient wind constraint
deviated most from that without the gradient wind constraint, during the
seeding period and deviated least at the end of the monitoring period.

The wind profiles in figure 67 correspond to the analyses in figure
66. The profiles shown in panels A through C and D through F of figure

67 were obtained from the analysis represented by the solid and dashed
lines respectively in figure 66. The relative wind profiles (relative
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HURRICANE DEBBIE AUGUST 18, 1969

GRADIENT WIND ANALYSIS FILTER "A"
1313 GMT, 1625 GMT 19/0157 GMT
[ - GRADIENT
/ WIND
—————— RELATIVE
WIND
1313 GMT 1825 GMT 19/0157 GMT

i (sw) (NE)  (SW)

RADIAL DISTANCE (NAUTICAL MILES)

Figure 67. Wind speed profiles (August 18, 1969) resulting from applica-
tion of filter "A” with (D, E, and F) and without (A, B, and C) the

gradient wind constraint.

to the moving storm center) resulted directly from application of the
analysis equations while the gradient wind was computed from the pressure
profiles obtained from these same analysis equations. By comparing these
sets of profiles, we can determine how well the analyzed pressure and

wind fields approximate the gradient wind condition.

Panels A, B, and C of figure 67 illustrate the analysis results that
exclude the gradient wind constraint. It is rather obvious that, in
general, the gradient wind condition was not satisfied by the results

obtained by application of filter "A" to the observed wind- and pressure
fields. Also of considerable interest is that the pressure field showed

a distinct trend toward satisfying the gradient wind condition during
the monitoring period. That is, the gradient wind computed from the
pressure field obtained by application of the analysis equations at
19/0157 GMT (panel C) is a much closer approximation of the corresponding
relative wind profile for that time and location than is that obtained
for the same two parameters at 1313 GMT (panel A).

The wind speed analyses obtained by the simultaneous applications
of the gradient wind constraint and filter "All for the same observed
data described above are illustrated in D, E, and F, of figure 67* The
best agreement between the relative wind and the computed gradient wind
was obtained in the eyewal ! region at 1825 GMT. The gradient wind
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constraint adjusts both the pressure
and wind fields in an effort to
force the analysis to satisfy the
gradient wind condition. The only
reason that the two wind profiles
are not identical is that the gra-
dient wind condition was not totally
satisfied. If this were the desired
result, we must place a larger rela-
tive weight on the gradient wind
constraint or derive a different set
of analysis equations using Lagrange
multipliers. However, in this case,
we wanted to determine how well the
actual pressure and wind fields
satisfied the gradient wind condi-
tion, and which field had to be
adjusted the most to approximate
this condition. As stated earlier,
the pressure and wind field measure-
ments were assumed to be equally
reliable. However, the greatest
effect of including the gradient
wind constraint, was apparently to
adjust the pressure field beyond
that imposed by filter "A". This
condition is illustrated by the
gradient wind profiles in the upper
panels of figure 67 differing con-
siderably from their corresponding
profiles in the lower panels. At
the same time, the relative wind
speed profiles for the two analyses
differ only slightly for the same
periods.
Figure 68 illustrates the
gradient wind speed component
analysis resulting from application
of filter "B" with and without the
gradient wind constraint. The
general effect of filter "B" was to

remove the cumulonimbus and smaller scale motions.

additional filtering
in figure 68 with those
these two sets of data
the centrifugal
constraint, is generally
implies that the major effect of

in figure 66.
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WIND CONSTRAINT
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Figure 68. Gradient wind component
analysis (August 18\ 1969) result-
ing from application of filter "B"
with and without the gradient wind
constraint to the observed pressure
and wind fields.

The effect of this

is quite evident when comparing the results shown

Another major difference between

is that the difference between the profiles for
and Coriolis terms, with and without the gradient wind
larger for filter nBM than for filter "A".

This

inclusion of the gradient wind constraint
was to adjust the wind speed for filter

"B" and to adjust the pressure



field for filter "A". The results shown in figure 69 also indicate the
presence of this effect. For instance, the imposition of the gradient
wind constraint causes the analyzed value of the wind speed to increase
by 10 knots on the southwest side of the storm at approximately 1313 GMT
(fig. 69 A and D). However, if we compare the relative wind profiles
obtained by filters "A" and "B" with those obtained by inclusion of the
gradient wind constraint (dashed lines in panels D, E, and F of figs. 67
and 69) only small differences are apparent. These results imply that
the major problem arising in the computation of the gradient wind
directly from the filtered pressure field is in the method of evaluating
the pressure gradient force over short distances. This method amplifies
the small errors that may exist in the pressure field. As the pressure
field becomes smoother as the result of greater filtering imposed by
the inclusion of the gradient wind constraint or greater relative weights
on the low-pass filter terms (filter "B") , then the evaluation procedure
becomes less critical. The combination of these results indicates that
the conditions imposed on the wind- and pressure field by filter "A"
more closely satisfy the gradient wind condition than those resulting
from application of filter "B".

HURRICANE DEBBIE AUGUST 18, 1969
100P-ABINT  WINP Alyy.rsis ,

1313 GMT -~ GRADIENT WIND 19/0137 GMT
————— RELATIVE WIND

1313 GMT 19/0157 GMT

(NE> (SW) (NEI (SI
RADIAL DISTANCE (NAUTICAL MILES)

Figure 69. Wind speed profiles (August 18, 1969) resulting from appli-
cation of filter "B" with (D, E, and F) and without (A, B, and C) the

gradient wind constraint.
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6.2 Hurricane Debbie -
August 20, 1969

The components of the gradient
wind (fig. 70) indicate a relatively
good agreement between the profiles
obtained with and those obtained
without the gradient wind constraint
for the three sets of profiles shown.
Again, the profile of the pressure
gradient term shows the largest
fluctuations, and the general effect
of the inclusion of the pressure
gradient constraint was to smooth
out these horizontal variations.
These horizontal variations were
amplified by the method of finite
differencing over short space inter-
vals that was used to obtain the
gradient wind profiles shown in A,
B, and C of figure 71- The smooth-
ing effect resulting from the gra-
dient wind constraint is shown in
D, E, and F of figure 71. Note that
the quasi-gradient wind model over-
estimates the wind speed over most
areas outside the eye of the storm.

The gradient wind component
analysis resulting from application
of filter "B" shows excellent agree-

ment between the pressure gradient
profiles obtained with (dashed line)

and without (solid line) including
the gradient wind constraint (fig.
72). This result indicates that
the method of evaluating the differ-
ence operator was sufficiently
accurate for scales of motion repre-
sented by filter "B". However,
including the gradient wind con-
straint caused an increase in the

HURRICANE DEBBIE

AUGUST 20, 1969
GRADIENT WIND ANALYSIS F

ILTER "A"

1140 CUT

001 r

0001

PRESSURE GRADIENT _

O 001

NONDIMENSIONAL SCALEO

PRESSURE GRADIENT _

0001

RADIAL DISTANCE (NAUTICAL MILES)

Figure 70. Gradients wind component
analysis (August 20, 1969) result-
ing from application of filter "A"
with and without the gradient wind
constraint to the observed pressure
and wind fields.

analyzed wind speed, which was reflected by the increased values for the

Coriolis and centrifugal
figure 73- Here again,
the actual wind speed for nearly all
storm.
with filter "B" indicated a larger
obtained by use of filter "A". That
A, B, and C of figure 71 differ only

terms.

70

This effect
the gradient wind model

illustrated in
tended to overestimate
of the high energy portion of the

is further

The results obtained by including the gradient wind constraint
increase

in the wind speed than
is, the dashed-line profiles for
slightly from the corresponding



HURRICANE DEBBIE AUGUST 20, 1969

GRADIENT WIND ANALYSIS FILTER *“Al

1140 GMT 21/0210 GMT

1140 GMT 21/0210 GMT

(SW) (NE) (SW) (NE) (sW)
RADIAL DISTANCE (NAUTICAL MILES)
Figure 71. Wind speed profiles (August 20, 1969) resulting from applica-
tion of filter "A" with (D, E, and F) and without (A, B, and C) the
gradient wind constraint.

profiles in D, E, and F. However, these same profiles, as illustrated
in A, B, and C of figure 73 (dashed lines) differ considerably from their
corresponding profiles in D, E, and F. These results indicate that the
gradient wind condition is more nearly satisfied by the sum of the scales
of motion represented by filter "A" than those represented by filter "Bl .
A similar result was obtained for the data collected in Hurricane Debbie

on August 18, 1969.

7. SUMMARY AND CONCLUSIONS

This research is concerned with three basic goals. The first goal
is to develop consistent analysis techniques that can be used to evaluate
the structure and intensity of tropical storms as well as any changes in
the state of the storm with time. Particular attention is placed on the
cumulonimbus, rainband, and eyewall scales of motion. Also, the
techniques should provide an objective means of comparing the analyzed
results from one time to those of another time, as well as from one
storm to another, where particular interest is placed on the high energy
portion of the storm. The second goal is to apply these techniques to
the data collected during modification experiments conducted on Hurricane
Debbie (August 18 and 20, 1969) and evaluate changes that occurred in the
storm structure. Also, we wish to determine what portion of these changes
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could reasonably be attributed to HURRICANE DEBBIE AUGUST 20. 1969
the seeding experiments. The third GRADIENT WIND ANALYSISFILTER "8
goal is to use the results of the
analyses of Hurricane Debbie to
develop a more explicit and detailed
seeding hypothesis that could be
used in the statistical evaluation
of future modification experiments.
That is, to determine a set or
sequence of events that would occur

PRESSURE GRADIENT

WITHOUT GRADIENT

with a seeded storm but would have WIND CONSTRAINT
_— . -——~-WITH GRADIENT

a low probability of occurring under WIND CONSTRAINT

natural conditions. 1700 GMT

PRESSURE GRADIENT

7.1 Evaluation of
Analysis Techniques

The analysis methods are based
primarily on variational optimiza-
tion techniques (Sasaki, 1958, 1968,
1969, 1970a, b, c). The first
series of analyses is based on
analysis equation (5) derived in auozio auT PRESSURE GRADIENT
section 3 and appendix A. This
analysis equation contains an obser-
vational constraint and two low-pass
filter terms. By varying the rela-
tive weights on these terms, we
attempt to selectively filter the
recorded signal or input data ob-
served from the airborne platform.
Filtering of the data seems neces-

NON(NIENSIONAL

sary to Study in detail the small- (SW) RADIAL DISTANCE (NAUTICAL MILES)

scale motions which are often Figure 72. Gradient wind component
masked by the large-scale features analysis (August 20, 1969) with
in a hurricane. Likewise, small filter "B" with and without the
changes in the large-scale motions gradient wind constraint to the
are often masked by the small-scale observed pressure and wind field.

features. The changes in the large

scale occurring during the early

portions of the seeding experiment monitoring period are generally
believed to be caused by features other than the seedings. Therefore,
these contributions must be separated to determine the immediate and
short range effects of the seeding operation.

This separation of scales of motion is accomplished through use of
low-pass and band-pass filters based on equation (5). The problems that

often arise in standard filtering techniques seems to be minimal in
these analyses. The degree to which we are successful in effectively
separating small-scale features from the large-scale system is amply
illustrated in the figures.
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HURRICANE DEBBIE AUGUST 20. 1969

GRADJENT WINp| AtyA~Yglg FILTER "B
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GRAOCNT WIND
RELATIVE WMD
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=
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RADIAL DISTANCE (NAUTICAL MILES)

Figure 73. Wind speed profiles (August 20, 1969) resulting from applica-
tion of filter "B” with (D, F, and F) and without (A, Bf and C) the
gradient wind constraint.

The wvariability factors are based on the filtered and band filtered
data and some base condition, such as the mean tropical atmosphere.
These factors are defined for selected scales of motion and the standard
meteorological parameters. The information extracted by this technique
generally compliments that obtained by the band filters. In addition,
the signal is normalized by being a function of the magnitude of the
parameter being investigated. This feature allows us to directly compare
the wvariability factor for storms of various intensities. Also, these
comparisons can be made in time and space for a particular storm. This
feature is particularly important, if the character and/or magnitude
of the computed factor for a particular scale is expected to change
because of some natural or artificial phenomenon. The effectiveness of
this analysis scheme varies, depending on the variable and scale being

investigated.

The analysis equations containing the gradient wind constraint are
designed to simu ltanteously extract information from the observed
pressure and wind fields. In this manner, we can determine where, when,
and for what scales of motion the gradient wind condition is most
nearly satisfied. To accomplish this, we compute and display the
scaled values for each of the contributing terms contained in the
gradient wind equation. We find that, in general, the gradient wind
computed from the pressure field overestimates the wind speed for most
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areas of the high energy portion of the storm. The most critical step

in these calculations is in the method of evaluating the pressure
gradient. This is particularly true for the signal containing the shorter
wavelength features and becomes less critical as more of these high
frequency components are removed from the pressure data. Also, the
inclusion of the gradient wind constraint acts as an additional low-pass
Til ter.

A comparison of the results for the individual components (figs. 66
and 70) indicates that including the gradient wind constraint smooths out
the response for the pressure gradient term. In contrast, including the
gradient wind constraint with filter "B" increases the wind speed. The
reason for the difference between these two sets of figures is that
filter "B" removes more of the high frequency components than does filter
A",

The quasi-gradient wind model better represents the observed wind
field than does a straightforward computation of the gradient wind based
upon the filtered pressure field. This results from two conditions.

The first, and most important, is that information is extracted from
both the pressure and wind fields; second, the errors arising from the
finite difference method of evaluating the pressure gradient term are
decreased by the increased filtering imposed by the gradient wind
constraint. That is, the wind analysis resulting from the quasi-gradient
wind model provides a better representation of the filtered wind than
does the gradient wind computed from the pressure field undergoing the
same degree of filtering.

The results from the quasi-gradient wind model, of course, are not
forced to identically satisfy the gradient wind condition. However, the
analysis is forced to approach this condition since we place a relatively
large weight on the gradient wind constraint. The analysis could be
forced even more toward the gradient wind condition by placing a larger
relat?ve weight on the appropriate constraint, but the resulting analysis
would deviate even more from the corresponding relative wind profiles.

The result of this analysis is that the quasi-gradient wind model
does a relatively good job of simulating the wind speed profiles over
the high energy portion of the storm. This is especially true for those
scales of motion retained with the application of filter "A". This model
can then be used in areas where wind speed data are missing, which
sometimes happens in very heavy precipitation areas. The results for the
missing data areas would be even better than those obtained from analysis
equation (5), which can be viewed as somewhat of a least-strain curve
fitting technique since the model simultaneously extracts information from
the wind- and pressure fields.
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7.2 Evaluation of Hurricane Debbie (1969) Analyses

Hurricane Debbie was seeded five times on both August 18 and 20,
1969. The maximum wind speed before the seeding events was nearly the
same for both days. However, the structure of the storm differed in
that on August 18, a single eyewall structure was present (figs. 18 and
19). while a double eyewal! structure was initially present on August 20
(figs. 37 and 38). Many of the changes that occurred before, during,
and after the seeding events were different for the 2 days. However,
many common features were also observed to occur during this same period.

The kinetic energy profiles and the percentage changes indicate
that on August 18 the maximum kinetic energy value decreases for all
represented wavelengths from before seeding until the end of the moni-
toring missions. The net changes show that a major portion of the
reduction associated with the intermediate and shorter wavelengths
occurred after the third seeding, while that associated with the longer
wavelengths (filter "C") occurred before the third seeding event. In
fact, if we compute the change in kinetic energy (from the last column
in table 1), values of -3, -479> and -640 kt2 are obtained for filters
"A", "B", and "C", respectively, for the change between (1) and (2).
Since filter "A" contains "B" and filter "B" contains "C", these results
indicate that a major reduction occurred in the longer wavelengths , and
that the intermediate and shorter wavelengths were actually enhanced
during this period. However, if these same quantities are computed for
the time period from (2) to (3) (after the third seeding until near the
end of the monitoring period), values of -1368, -97°2, and -280 kt2 are
obtained for filters "A", "B", and "C" respectively. These values
indicate that the long wave feature continued to decrease in intensity
during this period, but at a much slower rate than before. Also, the
intermediate and shorter wavelength features that were enhanced before
the third seeding reduced dramatically during this period.

The resulting changes of Kinetic energy obtained for August 20,
1969, showed some different characteristics. The changes in kinetic
energy (for the last column in table 2) are 138, 233. and 21 kt2 for

filters "A", "B", and "C", respectively, for the period of (I) to (2)
(before the first seeding until after the third seeding event). These
results indicate an increase in kinetic energy for the sum of all the
wavelengths represented. However, most of this increase was confined to
features of eyewall scale or larger for this period. The same quantities
for the period of after the third seeding until the end of the monitoring
period are -167, "90 and -60 kt2 for filters "A", "B", and "C",
respectively. These results imply a reduction at all wavelengths repre-
sented, since the value for filter "A" is a larger negative number than

for "C".
A summary of the kinetic energy analy”.. ior these two seeding

experiments indicates that on August 18 a large-scale decrease, which
cannot reasonably be attributed to the seeding operation, occurred before
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and during most of the monitoring period. Likewise, a large-scale
increase in kinetic energy occurred on August 20 during the early portion
of the seeding operation. A major portion of this increase was appar-
ently associated with the change from a double to a single eyewall struc-
ture and, also, could not reasonably be attributed to the seeding
operation. However, a significant decrease occurred in these longer
wavelength features after the third or fourth seeding. In general, the
smaller and intermediate scale features showed some enhancement during
the early portion of the seeding operations on both days, and then a
distinct decrease thruugh the end of the monitoring periods.

The analyses of the pressure fields for August 18 show a general
decrease in the pressure gradient associated with the large-scale feature
(fig. 19) occurring during the seeding experiment. Most of this change
took place before the third seeding, a condition also observed in the
kinetic energy analyses. However, the minimum central pressure showed
little change between the times of the first and last passes. The
pressure profiles associated with cumulonimbus (fig. 20), rainband, and
eyewall (fig. 22) scales also exhibited characteristics similar to those
of the Kinetic energy analyses. That is, these scales show a general
decrease in the magnitudes of their extreme values, with most of the
change occurring after the third seeding.

The analyses of pressure for August 20 also show a general decrease
in the pressure gradient for the long wave features after the third
seeding event. The cumulonimbus scale pressure profiles (fig. 49) show
the magnitudes of the extreme values reduced near the end of the seeding
operation. Note that the wvariability associated with this parameter for
August 20 (fig. 50) initially is considerably smaller than that for
August 18. However, the results at the end of the monitoring periods are
quite similar for both days. The rainband and eyewall scales on
August 20 also show distinct pressure gradient decreases occurring during
the seeding operation.

The temperature analyses for these same periods exhibit characteristics
almost identical to those of the pressure analyses. That is, a general
reduction in the temperature gradients for nearly all scales represented
occurred during the modification experiment. In addition, temperature
decreases and increases occurred over the central and outer regions of
the storm, respectively.

The moisture analyses also exhibit the same general characteristics
as the pressure and temperature fields. However, in addition to these
characteristics, the moisture level showed a distinct and significant in-
crease on both days over most of the high energy portion of the storm
during the modification experiments (figs. 31 and 60). Most of this
increase was associated with the longer wavelength feature. Also, the
distinct dry region over the central portions of the storm, present
during the early passes, became almost nonexistent by the end of the
monitoring period. The eyewall regions, quite distinct in the moisture
analyses for the early passes, were also nearly eliminated (figs. 34 and
63).
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The following general observations can be made about the overall
changes in structure that occurred during the seeding experiments
discussed. First, during the experiments, a general reduction in the
amplitudes and gradients of most of the parameters analyzed occurred
on both days for scales of motion of eyewall scale or smaller. This
reduction generally occurred after the third or fourth seeding, i.e.,
some 4 to 6 hours after the first seeding run. There appeared to be
a temporary enhancement of the smaller scale features during the early
portions of the seeding operation, but the evidence for this condition
was generally not as strong as for the decrease for these same scales
during the Ilatter portions of the experiment periods. Also of particular
interest is the moisture level rose over most of the high energy portion
of the storm, and in general the structure of the storm became more
symmetrical for nearly all parameters during the modification experi-
ments. These similarities in changes for the two seeding cases (August
18 and 20) occurred despite the fact that the long wave features were
acting in opposite directions for August 18 as compared with those for
August 20. These results offer strong evidence supporting the basic
seeding hypothesis discussed in section 2. They are the basis for the
more explicit hypothesis proposed in the next section.

7.3 Proposed Seeding Hypothesis

This proposed hypothesis is basically an elaboration of Hypothesis
Il discussed in section 2. The details are based on the interpretation
of the results described here and results of other seeding experiments
conducted on cloudlines, individual clouds, and cloud groups. The intent
is to help explain events that may occur in a hurricane seeding operation
and to propose a sequence of events that hopefully are likely to occur
with a particular seeding experiment and is highly unlikely to occur
naturally. IT successful, this hypothesis would be of considerable aid
n the statistical evaluation of hurricane seeding experiments.

Hypothesis Il calls for seeding from the exterior edge of the band
of maximum winds radially outward for approximately 20 n miles. The
basic idea is to enhance convection at radii greater than the eyewall.
The analysis indicates that this effect probably took place during the
early portions of the seeding operations on both August 18 and 20. The
sequence of events that could reasonably be expected to occur is that
first the individual towers or cells containing supercooled water would
grow; and this, along with the fact that the seeding occurs in a some-
what continuous manner over a 20 n mile interval, would cause the
systems to merge over this region. Simultaneously, the strong horizontal
wind components would spread the seeding agent, and thus its effect,
around the high energy portion of the storm. The widespread enhanced
convection would raise the moisture levels throughout the high energy
portion of the storm. At the same time, the increased convection at
radii larger than the eyewall would decrease the prominence of the eye-
wall by competing with it for the low-level inflowing moisture-laden
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air. The merging of the cloud systems would also decrease the prominence
of the individual cumulonimbus clouds and hurricane rainbands. Each of
these features can be interpreted to have occurred in Hurricane Debbie
(1969) on both August 18 and 20. The periods over which these changes
took place was sometimes difficult to determine, primarily because of the
inability to nonitor seeded areas continuously. Some regions near the
seeded areas were monitored shortly after seeding; apparently there was a
nearly instantaneous reaction to the seeding. Of course, the number

of such cases is few, so it is difficult to state with a large degree of
confidence that this short term change was directly related to the
seeding event. However, an almost instantaneous reaction to seeding
agents has been observed in STORMFURY cloudline seeding experiments (fig.
1) and in numerous individual cumulus seeding experiments, such as those
conducted by Simpson and Woodley (1971). It is reasonable to assume that
this same reaction could be expected in the hurricane environment when
we consider the computations previously made by the author (Sheets,
1969c).

We will now innumerate the sequence of events that should occur
in a hurricane seeded similar to that done in Hurricane Debbie (1969) *“
one having a distinct eyewall structure with an associated maximum wind
speed band. This same sequence actually occurred on both days that
Hurricane Debbie (1969) was seeded, or at least we can imply this

occurred from the interpretation of the analyzed data.
The sequence of events and results are:

1. Enhancement of small-scale features as depicted in the wind,
temperature, and pressure field (cumulus and cumulonimbus
scales) in the immediate vicinity of the seeded area particu-
larly beyond the eyewall region - within minutes of the actual
seeding event. This reaction should occur with the first three
or four seeding events (4 to 6 hours after first seeding run).

2. Intermediate scale features, as depicted in the wind, tempera-
ture, pressure, and moisture fields (rainband and eyewall

scales), remain prominent or slightly enhanced during the first

three or four seeding events.
\Y4

3. By the third or fourth seeding, the seeding agent and its
effects are dispersed over the high energy portion of the storm
with the following results occurring and persisting through
the next 6 to 8 hours (from 6 to 14 hours after the commence-
ment of the seeding operation):

a. A general reduction in the temperature, pressure, and mois-
ture gradients, particularly for rainband and eyewall scale
motions, and with the resulting reduction in the prominence
of these features.
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b. A reduction in the maximum temperature values over the
central regions and an increase in temperature at radii
beyond the eyewall region.

c. A general increase in the moisture levels for the large-
scale features covering the high energy portion of the

hurricane.

The conclusions drawn above are based upon and applied to data
collected in the mid- and lower troposphere. However, with the vertical
continuity known to exist in a hurricane, these results should apply to
most of the tropospheric portion of the hurricane.
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APPENDIX A

Mathematical Definitions and Derivations

Al Definitions

The definitions and approximations listed below are used in the

derivations that follow. The units of the various quantities are given
in knots (kts) , nautical miles (n miles), degrees centigrade (C), and

grams per kilogram (gm/kg), since these are the units normally associated
with airborne meteorological observations.

The scale parameters are

V = 100 kt, T = 10°C, M = 10 gm/kg,
L =20 n miles D=01n miles,

g = 980 cm/sec2 = 6.8515 x 104 n miles/hr2,

f = 498802 x 10“5/sec = 0.1795687/hr at 20°N.

The nondimensional variables and operators are defined as

r = Lr, 0 = vO z = Dz
e = Vg W= 0 = ®e
V = WV, v = W M= MM
. , 1i
z = Dz, D = DD, vr= |

where the primed quantities are the nondimensional form of the variables
and operators. The variables vn and vr are the tangential and radial
components of the wind, respectively, T is temperature, M is mixing ratio,
D is the height anomaly of a given pressure surface from the same surface
in the U. S. Standard Atmosphere (D-value), V is the observed wind speed,
z is the observed height of the pressure surface, and C is the gradient
wind speed.

The finite difference operators used are centered differences, i.e.,

/1 <Vi - Vi>/*l.
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Vr2e

VrVre , and
n

vrne = vrvr...v 0O,

where 0 is any variable and d is the interval Ar. The subscript n
indicates the increment of Ar along the radial axis.
A.2 Scaling and Nondimensionalization of J1

The first functional is defined in section 2 as
Ji =F {3(pnr2 + YtfI*)2 + a(@ - 0) 2}dr. (A.D)

r

The scale parameters and nondimensional variables defined above are
used to derive a nondimensional finite difference analog for (A.l), i.e.,

2{-~r-(V' r20") 2 + Y *=(V' r0') 2 + a@2(0'-0) 2}Ar.
r L L

Ji

The terms 6®2/L.4, y®2/L_2, and a® must also be nondi mens ional i zed.
To accomplish this task, we choose the nondimensional values for B, vy,
and a and then determine the implied dimensional weight from the prior
given definitions and scale parameters. For instance, one set of non-
dimensional weights used in the analyses performed in this paper is
a=1, Y =3 = 100. Letting 0 be the tangential component of the wind,
we ob tain

«, 3®f = r - = 100 x 1002 x 16 n mi4
Lt - L*“ Qr B - y2 loo2n mi2hr-2

o
|

1.6 x 102 n mi 2 hr2,

and

y\I Y'L2 100 x 100 x 4 n mi2 _ A
ory = w 10020 mi2hr'?

al 1 "
. _ - 10"2 hr n mi"1.
a a® aVv or a N 100 n mi hr



The nondimensional finite difference analog of (A.l) becomes

Jx = E {31 (V'r20")2 + Y'(V*r6')2 + a*(0' - 0) 2}Ar, (A.2)

r

#

and for convenience we can drop the prime notation since all terms are
now nondimensionalized.
A.3 Solution of Equation (5)
The analysis equation derived from (A.2) becomes
3Vr40 - yVvVr20 + a(0 - 0) = O. (A.3)

The finite difference operators Vr20 and Vr40 are defined by

V8§77 Gl ¢ VI " 28n>'d2

V8 * (8n+2 + en-2 + 68n ’ I8, +1 *° ‘'e8n-1>/d'-

Equation (A.3) is readily solved by iterative techniques. The
Liebmann method, used for this paper, requires that the corrected values
for 0 must satisfy the analysis equation. That is, if a residual exists
at a point on the vth iteration, then a correction must be applied to
that point such that there would be no residual on the v+1 iteration.
However, this calculation uses values from surrounding points that also
must be corrected. Therefore, the method "iterates" toward the correct
solution. The form chosen for the finite difference approximations is
used in order to minimize the number of fixed end points required. The

residual on the vth scan at the n“h point is

Rh - etc ¢ &« * 68H - »C, - <A T

\Y V+1 Vv V
- Y[en+l + on_l - 26n]/d2 + 0OfOn - On ]. (A. k)

The required condition for the v+Ith iteration at the nth point is
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+ I+ «< T - - *C1)/d

—, 4 — —="l/d2*ate™ -e.,i, (A5)

where
ev+l «n + *<< °r 4«n - C* (A.6)

\% . . v/
The term AOn is the correction factor to be applied to On and is
obtained by subtracting (A.4) from (A.5), i.e.,

- 636Vl - en/dr + 2v(en 2

v+1
+ a0
n

or making use of (A.6),

Aen “ _ RV/[63/d4 + 2y/d2 + a]. (A.7)

n n

Appropriate values are chosen for the weights a, y, and 3. An

is specified based on the observed data, and along with the
In actual

initial field
observed values is inserted in (A.4), (A.6), and (A.7).
practice, an over relaxation factor (Thompson, 1961) is used, i.e., (A.6)
becomes

v+1 Vi

6 6V + 1.9 x Ad . (A.8)

n n n

is illus-

The rate of convergence to the solution using this technique

trated in figure 5 for a typical set of data.

A.4 Scaling and Nondimensionalization of J2
The functional containing J, and the gradient wind constraint is
defined in section 2 as

Z {ot(c - V)2 +y(z - z)2 + B(y- + fc “ ¢ )2

J2 =

+ PIGE)2 + y2(i1H)2 + yi(—)2 + ya(ilfH)2}dr. (A.9)

ar 2 3r2 3 3r 3r2
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The scale parameters and nondimensionalized variables defined
previously are used to derive a nondimensionalized finite difference
analog for (A.9), i.e.,

J2 = z {av2(c* - vi)?2 + yD2(z' - z9)

+

B (N7IN+ fvc - 91 Vrz')

+ v Virc)?2 + y2dj \V'/cl)?

+

y3(" V'rz')2 + ya(*“7 V'r2z1)2}Ar
or

J2

£ {otv2(c' - v1)2 + yD(z' - zl1)2

r

B HT +—cCc - TV Zz)2
L2 r’ Y V2 r

+

+

vi fr (V'rc)2 + y2 pr (vr2c*)?

+

yi — (Vrz')2 + yi (V'r2z")2}Ar, (A.10)

where the primes indicate nondimensional quantities. Recognizing that
the Rossby number R0 = V/fL and that the Froude number F = V/V83\ and

defining the nondimensional weights as follows

3 3vVV12,

a' avz, v'

yvd.

yx' = PjVVI2, y ' = y2VJ/L4, y3 = y3DZA 2, and

v, - y4D2/L*,

we can write (A. 10) as

i2 ., ~ '
J2=8 {ot (C - VD2 + Y(Z - 2)2+ BIAT VVZ)2
FyAVLED2 + y2 (Ve + y3 (V pzi)i2
+y (VI 2z")2}Ar, (A.11)
4 r
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where all terms are nondimensional. The prime notation can now be
dropped for convenience.

A.5 Solutions of Equations (16) and (17)

The analysis equations derived from (A.1l) result in a set of two

nonlinear difference equations that must be solved simultaneously. The
resulting equations are

+y2 A0 " AL A2 + a(c tv) =0 (a-12)
and

vV 2z + Vc+1Vce
ro

+ y4Vrdz - y3Vr2z + a(z - z) = O. (A.13)

These equations are solved by use of the sequential relaxation, or

Liebmann method. The residual on the Vth scan at the nth point for
(A.12) is

2gcn Y, v+1x 3 v valx
2F2dr (Zn+1 Zn-1} " 2dF2RQ UOn+1 " =/~
Vv
+ y [cv + cV+l e S 4c” , - dev* 1A
21 n+2 n-2 n N+l 1
- U,tcha | Cv+1 - 2¢V /d2 + o[cV - v 1. (A.1A)
n-1

The required condition for the v+1 teration at the nth point is
v+1

o
88 0 AVIS N 3 /zv _2v+1\
‘ 2Fzd r T ZA-r 2dFzR, n+1 n-1
n

orl eve) st 38 (v )2, JL CHL

rn n Rorn
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r v V+1 [ v+ .V V+I. 4
+ u2 tcn+t2 + cn-2 + 6en ¢ An+1 " Acn-13d

[C + CV+l + 2cV+l ]/d2 + a[CV+l

Vi
- n+l n-1 n
where
cv+l = =Ccvtl - cv
< + AcH, or Noy = én en’
and n
v+l Y, \Y; v V+1 \Y A.16
m m AN or %oz, * oz, (A-16)

The terms Acp and Azp are the correction factors to be applied to
c” and Zp. The term Acn can be obtained by subtracting (A.14) from
(A.15), i.e.,

v+1\ /[ V+1 VX

= 6 /(zn+1 - zn-1) (cn = - °n)

dF2r

+ rfF 1IC=3 - (s#e]e TSI C/
0 0 n
+ & (cy - -X) ¢ 6u21<(c™" - c»/d

+ 2 Vii(cv+l - cv)/d2 + a(cV+l - c ).

(A.17)
n n n n
Making use of (A.16), we obtain
(ch\/ - < + Ac*)2 . (c*)2 & 2c*Ac* + (ACp)
and
(of*)3 - (c* + Ac)J)3 = (c*)3 + 3(c*)2Ac*
+ 3cMACN)2 + (Ach) 3 (A.18)

Substituting (A.l6)and (A.18) into (A.17), we obtain

R* - - -6— (z*lj - 2* ) Ac*
n dp2r n+ n” n
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23 1(=)3 ¢ 3(cM)2ic* ¢ Ic=c=p! + (icx)s - <cV)>]

+ rrl'l?l + 2—<—< ¢ <A°n>2 - (O2)

on
+ —~r Acn+ % AACK + 2Y] e\
] ¥— Ac + aAc,,
r 2 n g4 n n
or
-«<K- 7N (»>>»>ee (Acp)2
n N grn
+ - + GB
! 'c%’\ /‘¥n+1 - 2\4131\' + 6,5,62 "c\r/1x2 '
dFZm "T1 " m' R°rn
+ Er I drec o+ + <*AcM. (A.19)
0

ITf we assume Acn Is small, we can ignore the higher order of terms in
Acn, and (A.19) becomes

Ac\r< B?Wﬁ dEAT ('(¥n+1 é)r”{:@ f 88, q:"h%

63 \Y; B 6y? 2y

— . A.20
Rofn o RoZ g " el ( )

Following a similar process, the residual on the vth scan at the nth
point for (A.13) is

- fr - T 2n+l + #1 - 2zn)/d!* k==\V\Vcn-1)/2d

* F[(C))?2 - <«£I>2]/M - Jr (c)2)

n n
¢ p. i*v,+ , +62 - tal, - Ni/d>
n+2 n-2 n n+1 n-1
u [ . + zv+1 - 2zv]/d2 + v (=v - Z ). (A.21)
V3 n+1 n-1 n n n

The required condition for the v+1 iteration at the nth point is
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0=F {" F<Zntl + zn-1 " €3>""" 2

VIECT - c))u-TIcv

e, =2 - dADzi/2d}

+«. 1d+d*<<'-*Ci - m.iw

tzn, ¢ z-t; - ——7]/d* ¢ y(C' —~~v— (a-22
My

Subtracting (A.21) from (A.22), we obtain

o= =\ I O - v
n (A.23)
P (M1 - 2= iHi-(zT" - zfDnfzT'- i,
d’ d?2

Substituting (A.16) and (A.18) into (A.23), we obtain

<, = IN- Azv - 1 t(c)J)2 + 2CpACp + (Acyw _ (CV)21}
FroFrd2 0

NIL_AZN + 283 Az < YAZID,

P n d
or
Az« = [-RV (ACP) 2 - pTBFT cKAcHar
M
23 % 2y,
[F**dz + y] ! (A.24)

Appropriate values are chosen for the weights a, 3, Y, Pi. P2»
y3, and yi*. An initial, or first guess, field is specified by obtaining
values at each grid point by a simple extrapolation of the nearest ob-
served values to point. This initial field, along with the observed
values, is used in (A.14), (A.16), (A.20), (A.21), and (A.24) to obtain

the analyzed field. Again, in actual practice, an overrelaxation factor
is used, i.e., (A.16) becomes
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v+1 v+1

c, =c¢n+ 19Ac_ and z 1.9Az\r/] (A.25)

An illustration of the rate of convergence to the solution for this set
of equations and technique is shown in figure 7 for a typical set of
data.
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