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ABSTRACT

This paper discusses one to two day future tropical cyclone intensity
change from both a composite and an individual case point-of~view.
Tropical cyclones occurring in the Gulf of Mexico during the period
1957-1977 form the primary data source. A dense rawinsonde dats network
to the poleward side of storms in this region allows more quantitative
evaluation of the environmeat of individual storm cases than is possible
in other regions.

Weather charts of the NW Atlantic were initially examined in hopes
of finding common meteorological parameters which were different between
the intensifying and non-intensifying cyclones. Few obvious and con-
sistent differences could be found. A rawinsonde composite analysis
was then performed to investigate mean differences between these two
classes of systems. By contrast to the individual case analysis, com-
posite differences were detected in the 200 mb height fields, the 850 mb
temperature fields, the 200 mb zonal wind and the vertical shears of the
zonal wind., The individual cyclones which make up the composite study
were then separately examined using this composite case knowledge.
Similar parameter®ifferences were found in a majority of individual
cases.

A cyclone intensity change forecast scheme was developed from the
results of the individual storm systems. This forecast scheme was then
tested agalnst independent storm cases. Correct predictions of inten-
sification or non-intensification could be made approximately 75% of the
time. The scheme was also tested on other rawinsonde composite data sets
in other ocean basins. Again, the results were highly significant., A
fa&brable strength of this scheme is the quantitative cyclone intensity

change index which is developed from purely objective techniques.
i




All results indicate a relationship between intruding baroclinic
zones and subsequent storm weakening or lack of further storm intensi-
fication. The forecast scheme measures those parameters most affected

by such baroclinic interaction and allows a prediction of future 18 to

42 hour intensity change.
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1. INTRODUCTION
Despite all the recent advances in electronic computer and satellite

technologies, tropical cyclone intensity change forecasting skill has not

shown much improvement (Hebert, 1978)., The computer has made more meteor-
ological products available and the satellite has made us more aware of
the location, movement and cloudiness of tropical systems. However,
neither of these technological developments has led to significant im-
provements in the cyclone intensity change forecast skill. More research
into the physics of this process is needed.

In general, tropical cyclone inécnsity change appears to be associated
with both internal and external storm mechanisms sﬁch as that given in

Eq. 1:
—~ = A+ B+ C (1)

where I = cyclone intensity, A = inner core (0-3o radius) mesoscale in-
fluences on cyclone intensity change, B = outer region (3-12° radius)
synoptic scale influences, and C = global scale (> 12° radius) interaction
and feedback influences on cyclone intensity change. We might view the
typical time scales of these intensity change influences to be approxi-
mately 0-12 hours for influence A, 12-48 hours for infiuence B and > 48
hours for influence C. Limited conventional observations of the inner
core do not allow us to routinely measure the inmner core physical para-
meters which likely lead to short time scale intensity change. However,
new satellite cloudiness analysis techniques by the National Oceanic and
Atmospheric Administration/National Environmental Satellite Service
NOAA/NESS), National Aeronautic and Space Administration (NASA),

and the Naval Environmental Prediction Research Facility (NEPRF)

satellite groups are béginning to show some promising
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correlations on the shorter time scale. New evidence by E. Nidez (1981)
indicates that the stoym outer region environment has the most signifi-
cant effect on 1-2 day future intensity change, Therefpre, this study
examines the surrounding outer region environmental influences (effent

B in Eq. 1) to determine how they act to influence future prediction of
cyclone intensity change. As moxre becomes known about hoth inner and
outer region storm characteristics and storm intensity, further improve-
ment of cyclone intensity forecast skill may be possible through a com-
bination of both inmer and¢ outer storm intensity change relationships.

The recent research findings of E. Naiez (1981) on tropical cyclone
intensity change form the general background informational base for the
initiation of this study. Néiez (1981) examined cyclone Intensity change
by comparing rawinsonde composited casges of deepening versus filling
tropical cyclones in the northwest Pacific and northwest Atlantic.
However, he did not deal with individual cases of cyclome change, His
results were that filling systems had stronger middle and upper level
height and temperature gradients on their poleward side, Often a middle
and upper level trough existed to the northwest of the filling storm
center that was not presént with the growing or steady systems. He
attributed the differinces between the filling/deepening data sets to
strongfbaroclinic interaction on the north and northwest octants of the
storm.

Based on the NGiizz composite data results, the éuthors have under-
taken the investigation of such baroclinic interaction on an individual
case basis. Troplcal cyclones in the Gulf of dexico were selected
because of the abundance of data on the poleward side of these systems,

Storms were stratified as intensifying and non-intensifying.
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It was hoped that the effects of large scale baroclinic interaction
on the north side of the non~intensifying cyclones systems would produce
evidence of intensity change that could be recognized from the weathor
charts. But after hours of detailed analysis of upper and lower tropo-
spheric weather charts, the authors became convinced that individual
wealher charts by themselves did not provide obvious and consistent
quantitative differences which would signal intensity change. Although
the presence of trough interaction was observed it was difficult to quan-
tify the effects of that interaction solely from comparisons of indivi-
dual weather charts. Therefore, rawinscnde composites were formed for
both data sets. The rawinsonde composite techniques developed at Colorado
State University (CSU) were then used to determine the major physical
differences between systems, The knowledge gained from this comparative
composite study was then tested in individual cases to determine the
extent to which such differences could be detected in each particular
forecast situation. Such differences were found in about three-quarters
of the cases. A purely objective and quantitative scheme for forecasting
tropical cyclone intensity change was then devised. Independent data
were selected to further test the forecast scheme. A thorough statistical
analysis was made of all the sampled data.

1.1 Gompositing Philosophy

The Gulf of Mexico is one of the best locations in the world to
study individual storms because of the abundance of surface and upper
air observing sites throughout the Caribbean and southeastern United
States tFig. 1). But, even in the Gulf of Mexico problems arise be-
cause of the sparcity of data over Mexico and the lack of observations
within the center of the Gulf. .The routine observational data is often
augmented by aircraft observations but these data are often limited to
inner core 1n£atﬁation and rarely at more than one or two

levels. The compositing technique allows us to overlook these short-
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Fig. 1. West Atlantic rawinsonde data network utilized in the present
study.

comings by using rawinsonde data for many cyclones which show similar

characteristics.

The composite technique tends to smooth over many of the individual
characteristics and‘diurnal variations of a single storm. Still, by |
proper data selection and handling techniques, we can gain valuable
information on storm class differences. Once such differences are
found they can then be applied to the individual cases to see how repre-

sentative the composite differences,are.

!
@
H
2

B SR

TN SN LR S S Y

RSN SN

o

EQT i e R SRS S

< Regnndi T

U T ORI ST T DR IR e e s



AT

1.2 Gumpasiting lechnlque

The composite 1is accomplished by positioning a cylindrical grid
with a radius of 15° latitude at the surface center of the storm for
each time period. The grid consists of 21 vertical levels extending

from the surface to 50 mb, The horizontal grid is divided into eight

octants and elght radial belts as depicted in Fig. 2. This subdivision
yields 64 boxes whose areal extent increases radially outward.

By using this grid system over every storm in our set, we can
accumulate many values of each parameter in each of the 64 boxes. The
accumulated values in each grid box are averaged and the value is
assigned to represent the corresponding box. Repeating this averaging
process for each of the meteorological parameters in each of the 64 grid
boxes ylelds the basic structure for the composited cyclone.

The observed or computed parameters include 14 dynamic and 10

thermodynamic parameters as listed below:

Dynamic Parameters Thermodynamic Parameters

u (zonal wind) T  (temperature)

v (meridional wind) Tv (virtual temperature)
V. (radial wind) 8  (potential temperature)
v (tangential wind) Z  (height)

v (wind parallel to storm motion) RH (relative humidity)
v (wind normal to storm motion) q (specific hpmidity)
V £ (Coriolis torque) s (static energy)

V_q (horizontal moisture transport) h (moist static energy)

DIV (divergence) h* (saturated moist static energy)
W (vertical motion) ogz (radial height gradient)
. or

q w (vertical moisture transport)

(vorticity)

o

Ju (vertical zonal wind shear)

Peeinea

ip




Mang
ORIGINAL ‘PibE1S - 6
OF POOR QUALITY

HORTH,
on
Slowm DHTTTION

DCTANT NO |

{734

Tl L

Fig. 2. Compositing grid. Arrow points north.

All parameters were examined in this study but only the zonal wind, verti~-
cal shear of the zonal wind, height and temperature were found to exhibit
strong differences between the intensifying and non-intensifying cyclone
systems,

Corrections in the relative position of the rawinsonde to the stoym
center are nade by assuming the balloon is released 30 minutes prior to
the scheduled observation time and that the ascent rate is 5 m 5“1. é
Drift corrections are then made by using the reported wind profiles.
Computational procedures also correct for trans;ational movement of the
storm while the balloon is airborne. ‘

The computer programs are designed to composite in four different é
cylindrical coordinate eystems, but this study will be limited to the :
natural (NAT) coordinate system., In this coordinate system the composi- |

ting grid iy stationary with respect to the storm center. Cetant 1 is
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always pointing to the north, regardless of the storm's direction of

movement ,

1.3 Data 3et

This study utilizes 21 years (1957-1977) of northwest Atlantic ra-
winsonde data from the stations shown in Fig. 1. The data come from
the Northern Hemisphere Data Tabulations (NHDT) tapes frem Asheville,
North Carolina Records Center which was made available to the Colorado
State University (CSU) project courtesy of Mr. Roy Jenne and his group
at the National Center for Atmospheric Research (NCAR) 1in Boulder, €O,
Both 00 and 12 GMT soundings werae used.

The cyclones were selected from the official best track positions
of the National Hurricaue Center. The cyclones were chosen if they
made lendfall along the Gulf Coast. of the United States from approxi-
mately 100 miles south of Brownsville, TX to the Florida Keys. Cyclones
were stratified into intensifying or non-intensifying data sets based
on their maximum wind speed changes for the time they were in the Gulf,
A cyclone was considered an intensifier if it had a wind speed ipcreaae
of greater than 20 knots (kts) in a 24 hour period within 42 hours of
landfall (see Figs. 3 and 4). There were seven cyclones which were
classified as intensifying but showed & significant f1lling a few howrs
prior to landfall. These storms were not considered in this study. A
complete listing of all cyclones which make up the two data sets is
shown in Table 1. Table 1 'also lists the cyclone's maximum sustained
wind speed for théynﬁ~—42, LF =18 and landfall time periods (LF repre-
sents Land Fall). The average intensity of the intensifying cyclones is

nearly twice as strong as the non-intensifying systems.
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Fig. 4, Maximum wind speed changes for all storms which make up the
non-intensifying composite data set.

The composites were prepared for two time periods - approximately

18 and 42 hours prior to the landfall period. These time periods were

selected to approximate the critical warning periods used by the

National Hurricane Center (i.e., 24 and 48 hours prior to landfall),.

The landfall period minus 18 hours (LF -18) was obtained by using both

the LF ~12 and LF =24 data composited around the LF -18 cyclone position.

This wac done to double the rawinsonde repcrts because the data samples

were small (22 intensifying cases vs. 13 non-intensifying cases).

Similarly, the LF -42 composite was obtained by using LF -36 and LF ~48

data. The number of soundings which fell into each of the 64 grid

boxes for the period LF -18 is shown in Fig. 5 for the intensifying and

non~intengifying sets. It is easy to see from this figure that the most

abundant data sources lie to the poleward side of the storm - a factor which we

will take into consideration 1ater; The distribution of soundings for
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TABLE 1

Listing of individual storms for the intensifying and non~intensifying
composite sets relative to time before Landfall (LF). The maximum sustained wind
(in knots) is indicated for the three time periods.

INTENSIFYING SET

MEASURED OR ESTIMATED MAXIMUM SUSTAINED WIND (kts)

STORM LF -42 LF -18 LF

' Audry 25-28 JUN 1957 60 80 125
T2 Bertha 8~11 AUG 1957 Missing? 35 60
H Debra 22-27 JUL 1959 25 35 70
H Judith 17-21 OCT 1959 Missing 30 65
H Carla 3-15 SEP 1961 110 130 150
H Cindy 16-19 SEP 1963 Missing 30 70
T Abby 5-8 AUG 1964 25 25 55
H Isbell 8-16 OCT 1964 30 80 110
H Betsy 26 AUG - 12 SEP 1965 110 115 135
H Beulah 5-22 SEP 1967 95 110 140
H Abby 1-13 JUN 1968 30 60 65
T Candy 22-26 JUN 1968 Missing 25 60
H Camille 14-22 AUG 1969 100 130 165
H Celia 30 JUL - 5 AUG 1970 60 85 110
H Ella 8-13 SEP 1970 30 70 110
T Felice 11-17 SEP 1970 30 30 60
H Edith 5-18 SEP 1971 45 45 85
H Carmen 29 AUG - 10 SEP 1974 70 '105 130
H Caroline 24 AUG - 1 SEP 1975 35 65 100
H Eloise 13-24 SEP 1975 45 65 110
H Anita 29 AUG - 2 SEP 1977 75 85 150
H Babe 3-8 SEP 1977 25 40 65
AVERAGE TNTENSITY 56 67 100
AVERAGE CHANGE OF MAXIMUM 1 2

SUSTAINED WIND SPEED

coamia | e

R N

b

AT ISR SR A AR 1 vl - S i R Y



e g

oy

e

11
TABLE ! tcont'd)
 NGit21: PV STFYING. SET

ME,{‘.'SURE#: :f_:y,?:‘_‘_‘:ESTIIMTED MAXIMUM SUSTAINED WIND (kts)

STORM  hecdx LF -18 LF
T Debbie 7-8 SEP 1957 ~ Missing 35 35
T Esther 16-19 SEP 1957 Mirging 45 45
H Ella 30 AUG - 6 SEP 1958 60 60 55
T Arlene 28 MAY - 2 JUN 1959 30 45 50
T Irene 6-8 OCT 1959 Misgivg 30 50
T Ts#l4 22-26 JUN 1960 Migs¥Lors A 15 40
T Florence 17-26 SEP 1960 oy 25 25
T TS#L 2-11 JUN 1964 . 28 25 30
T TS#1 11-18 JUN 1965 25 35 45
H Gladys 13-21 OCT 1968 65 65 70
T Genny 1~6 OCT 1969 25 25 25
H Alma 17-27 MAY 1970 30 25 25
H Agnes 14-22 JUN 1972 55 65 75
AVERAGE INTENSITY 38 38 44

AVERAGE CHANGE OF MAXIMUM
SUSTAINED WIND SPEED

1H represents a maximum intensity of hurricane (> 65 kts).
2T represente a maximum intensity of tropical storm (> 35 kts)
3Missing is used because the cyclone had not yet formed.

4TS#l of 1960 should have been stratified ng an intensifying sys-~
tem based on post analysis. The error could not be c¢nrrected for the
composite study but the system is treated as an intensifying cyclone
in sections 3 and 5.
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the LF -42 time period was similar to that shown for

LF -180

the time period




2. RAWINSONDE COMPOSITE COMPARISON: INTENSIFYING VS. NON-INTENSIFYING
Although meteorological parameter comparisons between the inten-

sifying and non-intensifying composite data sets were made for the inner

0-4° radial belts, the most reliable comparisons are found at outer

radii (5-11°) where rawinaonée data is more abundant and reliable. It

is also this outer 5-11° radius region which best specifies the future

1-2 day change in intensity. Also, because the intensifying data set has

an average intensity which is nearly twice as large as the non-intensifying

set, the differences in parameters at close radii may be biased by this

intensity difference. It was observed that at outer radii the differ-

ences in cyclone intensity between the two systems is negligible. The

outer reglon is also where we would expect any baroclinic interaction to

be most noticeable. For these reasons then the main emphasis will be put

on parameter differences found over outer radii (5—110). This section

examines the climatological differences, effects of movement, thermodynamic

differences and dynamic differences for the composited data sets,

2.1 Climatological Differences

In the northwest Atlantic, August 5 through October 20 is climatologi~
cally the most active period for tropical cyclone development with a
minor secondary maximum occurring in Junel. Table 2 gives a breakdown
of the occurrence by month of the cyclones which make up the composite
study. If we let the 'active period' be the entire months of August,
September and October we see that 82% of the intensifying and 54% of
the non~intensifying cyclones occur during this period. If we consider

all cyclones from this study which occur during the active period for

luetermined from cumulativevsummaries over the years 1886-1977 as
found in Tropical Cyclones of the North Atlantic Ocean, 1871-1977.

14
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TABLE 2

Monthly occurrence of all Gulf of Mexico storms during the years 1957-1977
which make up the composite study as listed in Table 1.

MAY JUN JUL AUG SEP OCT TOTAL
INTENSIFYING ol3|1]|s5|n]2]|22

NON-INTENSIFYING [ 2 | 4 [0 | O | 4 3113

the years 1957-1977, we find that 72% of them are intensifying systems.
0f all cyclones which occur during May, June or July only 40% intensify.
Preliminary inspection of Table 2 may lead to the conclusion that
the basic difference botween the intensifying and non-intensifying sys-
tems results from their date of occurrence. This is not the case how-
ever. Seasonal climatological differences do occur but they are mot
dominant. A discussion of those differences will be included in section
4. Allowances for these geasonal differences will be made as the fore-

casting scheme is developed.

2.2 Cyclone Movement

The cyclone tracks for both data sets are shown in Figs. 6 and 7.
These figures indicate that, in general, cyclones with a west northwest
(WNW) track are more 1ikely to intensify while those with a north or
northeast (NNE) track are more likely to fill. The average direction of
movement from the composite study is towards 303° for the intensifying
data set and towards 330° for the non-intensifying set at the LF -42
time period. Averages for the LF =18 time period are 315° for%the
intensifying set and 342° for the non—-intensifying set. The differences

between the data sets igs a consistent 27o for both time periods.

4
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Howaver, because of erratic cyclone movements in both data sets, any
generalizations about intensity change and motion relationships may not
hold well for the individual case.

The speed of movement between the two data sets was also analyzed
and compared. In the mean there was little difference. But after a
cyclone has made a turn toward the NNE there is a slight acceleration as
the cyclone becomes caught up in the westerly wind zone. A correlation
could not be found between the rate of deepening or filling and the

speed of movement,

2.3 Thermodynamic Parameters

Temperature Differences. Figure 8 shows the 3-5° radial belt aver-

age of the vertical profile of the temperature difference obtained by
subtracting the non-intensifying temperature profile from the intensi-
fying profile at both the LF -42 and LF -18 time periods. For both
time periods the intensifying set is slightly warmer through the tropo-
sphere with the largest differences occurring in the lowest levels. At
the tropopause level the intensifying set is colder by opne to two
degrees. These differences could be due to the different average inten-
sities between the data sets but investigation of the temperature fields
at the lowest standard level (i.e., 850 mb) shows this is not so

The 850 mb temperature fields for both intensity classes at the
LF -42 and LF -18 time periods are shown in Figs. 9 and 10. Diagram c
of Figs. 9 and 10 represents the difference between the two data sets
found by subtracting the non-intensifying data set from the intensifying
set. The largest differences occur over the north and northwest qua-
drants of the storm. -In this area the iﬂtedéifying set averages'tWO to

three degrees warmer for both time periods. The analysis also shows a
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Fig. 8. 3-5° radial belt average of the vertical profile of the
temperature difference obtained by subtracting the non-
intensifying temperature profile from the intensifying profile
at both the LF =42 and LF -18 time psriods.

temperature trough over the northwest sector for the non-intensifying

set - a feature not found on the intensifying maps.

Moisture Differences. Figure 11 shows the 3-5° belt average of

specific humidity for the LF -1l time period and Fig. 12 is the relative

humidity profile for the same time and area. The specific and relative ~

humidities are both slightly larger for the intensifying data set but
the difference is so small that it is hardly measurable. Similar
comparisons for the LF -42 time period also indicate little or no dif-
ference between the two systems. This finding was also observed by

Naiez (1981).

Height Differences. Because of the warmer troposphere found in
the intensifying data set, the hydrostatic pressure relationships die-
tate that the pressure-height fields at upper levels should be higher

in the intensifying set. The 200 mb height analysis is shown in Figs.
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Fig., 9. 850 mb temperature field for the LF -42 time period for the
intensifying data set (diagram a), the non-intensifying data
set (diagram b) and the difference between the two (diagram )
obtained by subtracting the non-intensifying from the inten-
sifying data set. Units are C.
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Yidiend 14, At the LF -42 time period (Fig. 13) the anticyclone center

is established in both asets but the height gradient to the north is
much stronger in the non-intensifying set. Diagram c¢ of Fig, 13 (ob-
tained by subtracting the non-intensifying composite from the intensi-
fying composite) shows a large difference over the west, northwest, and
northern octants, At the LF =18 time period (Fig. 14), there is very
little change in the intensifying set, The anticyclone center found on
the previous non-intensifying figure has diminished and the pressnce of
a trough impingement to the northwest is more evident. Again the dif-
ferencing diagram (Fig. l4c) shows large height differences over the

west through northern octants.

Negligible differences were found in all other thermodynamic para~‘

meters.

2.4 Dynamic Differences

Total Wind. The total winds are depicted in the plan views shown
in Figs. 15-18 for the 900 and 200 mb levels and for both time periods.
Differences in the total winds at the 900 mb level are small for both
time periods. But at 200 mb “ne can see that the vesterlies are much
stronger and extend further éouth in the non-intensifying set. There
also is an apparent wind maximum between 3-11° on the north side. The
anticyclone is not well developed in the non-intensifying set and is
displaced about 4° to the southeast at the LF -42 time period. By the
LF ~18 time period‘the anticyclone becomes even more disorganizad and
a quick streamline analysis would put the center at about 6° to the
gsoutheast, As was previously found ,with the 200 mb height field, the

largest differences occur over the west through north octants.
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Fig. 13}, LF =42 hour 200 mb height patterns for the intensifying com-
pasite (diageam ), the non-intensifving composite (diagram h)
and the difference between the two (diagram ¢) obtained by sub-
tracting the non-intensifving composite from the intensifving
composite, ' Units in diagram ¢ are meters.
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Zonal Winds. The zonal wind at 200 mb was next investigated and
the results can be seen in Figs, 19 and 20. Again the major differvences
occur to the west and north but the zonal wind also shows some major
differences in the southwest octant providing wore evidence of a trough
Intrusion, The 200 mb wind maximum found In the plan views of the total
winds (Figs. 15b and 17b) appears to be more confined to the 5-11" belt
on the north side. 'This wind maximum has a strangth of 20-24 m 3“1 and
1s a persistent feature between the two time periods.

Vertical Wind Shear. Another feature which has been found by other

investigators (Gray, 1968, 1975; McBride, 1979) and which is also appar-
ent in this data set is the presence of weak vertical wind shear neayr
the center of the intensifying system. Figures 21 and 22 show the plan
views of the mean shear of the zonal wind, UZOO mb " UQOO b for the two
time periods. At both tima periods the intensifying set maintains the
zero shear line over the top of the storm while the non-intensifying set
has 1520 m s”l shear above storm center. MeBride (1979) indieated the
need for strong upper tropospharic westerly shear to the poleward side
and strong easterly shear to the equatorward side for cyclone development.
This phenomenon is present in the Iintensifying data set at both the LF
=42 and LF -18 time periods. The non-intensifying data set also has a
large westerly shear to the north but closer analysis reveals that the
middle level baroclinicity (i.e. 850-400 mb) contributes largely to the
shear, In contrast, the majority of the shear found in the intensifying
set comes from the upper troposphere (i.e. 350-200 mb), Also, the non-
intensifying data set does not exhiﬁit easterly shear to the south until

reaching large radii.
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The radial wind, tangential wind, divergence and vertical motion

parameters were closely examined for both data sets. The differences

noted were that the intensifying systems maintained an inflow through

a deeper layer resulting in more convergence and stxonger vertical

motion than observed in the non-intensifying systems. Because of the

difficulty in calculating the parsmeters on an individual case basis,

these parameters will not be considered for further investigation.

2.5 Summary of Composite Results

The composite results show that large differences occur in specific

meteorological parameters between intensifying and non-intensifying

tropical cyclone systems, It appears that these differences are a result

of large scale baroclinic interaction since most of the differences were

Found on the poleward side of the storm. The major results of the com-

posite study are:

1)

3)

4)

3)

6)

The large scale environment of the intensifying cyclone is
warmer through the depth of the troposphere with the largest
differeances found below 700 mb. The horizontal plan views at
850 wh indicate that most of the temperature difference occurs
over the west through north octants.

Molsture analysis is not a good indicator of intensification,

The largest height differences occur at the upper levels over .
the west through north octants. The horizontal height gradients -
are also strongest to the north and northwest. :

The westerlies extend further south and are wuch stronger in
the non-intensifying set. A small wind maximum oceurs hetween
5 and 11° on the poleward side of the non-intensifying system.

The differences in the zonal wind are largest over the south-
west to north octants. This ylelds evidence of a baroclinic
trough impinging upon the non-intensifying system from the
west .

An area of zero vertical zonal wind shear Usgg wy = Uo0o mb
exists over the center of the intenxifying set while g~20

m s~} shear is found just to the wesf and east of the non-

intensifying storm center.




3, DEVELOPMENT OF THE INTENSITY CHANGE FORECASTING SCHEME

The results of the composite study indicated important parametar
differences on the northwest side of the cyclone systems. Therefore,
this study chose to concentrate on the vegion between 5 and 11° over
octants 8, 1 and 2. For cyclones moving through the Gulf of Mexico,
this region gives the best data coverage (see Tig, 27,

Results derived from the composite analvals of the previous section
were applied to individual cases of the composite data sets. Thiz was
done to see how well the composite information could be used on an in-
dividual case basis. Additionally, it gives us a quantitative measure
for how applicable a forecasting scheme might be.

For simplicity only the standard weather charts analvzed at the
850, 500, and 200 mb levels were utilized. These charts are readily
available to forecasters in any westher station and van he used to make
the rapid computations necessary in &n operational environment. Also,
by selecting these levels we can supplement the 850 and 200 mb charts

with satellite derived winds in the data sparse reglons.

3.1 Selection ol Parameters

Temperature. The composite results indicated that the 850 mb tem-
perature field was noticeably different over the northwest oetant of
the intensifying vs. non-intensifying storm system. The 850 mb tempera-
ture was selected as one of the parameters and an average value was
computed over the octants 8, 1 and 2 within the 5-11° radial helt
through linear averaging by 2° radial belts. Applying this procedure

to the two data sets at both time periods yielded an average 850 mb

32
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Fig., 23, Example of the distribution of rawinsonde stations for the
Gulf of Mexico reglon. Notice the lack of data from the
southeast to west Gulf regions.

temperature of 17.5°C for the intensifying data set vs. 15.5°C for the
non~intensifying data set or a differenze of 2°¢.

Height. The 200 mb height differences between the intensifying
and non-intensifying data sets computed over the 5-11° radial belt over
octants 8, 1 and 2 was about 60 m for both the LF =42 and LF -18 time
periods. Heights were 12410 m for the intensifying set and 12350 m for
the non-intensifying set. The 5-11° radius horizontal height gradients
wefe analyzed but the differences between the data sets was only about
12 m per 62 radius.

Zonal Wind. Large differences were noted carlicr in Lha zonal

wind ficlds. Vertical profiles of the zonal wind were lirst made for

o s
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the 5-7" radial belt over the northwest sector, vctants 1, X and 3 (Fig,
24). Very large differences occur, particularly in the strength of the
westerlies in the upper levels and in the vertical shear, But for
storms in the Gulf of Mexico we encountered the problem of data defi-
ciencies over octant 3. Therefore, a similar profile was made for the
5-7° radial belt over octants 8, 1 and 2. Results are shown in Fig. 25.
Although the wind differences are not as large, they are still very stri-
king, especially at 200 mb where the differences are more than 10 m s”l
between systens,

Finally, to be comsistent with the methods for computing the tem-
perature and height values and also to smooth out possible eddies in
the 6° radial belt, a vertical profile of the zonal wind was made for
the 5-11° belt over octants 8, 1 and 2 as shown in Fig. 26. The same
differences in the zonal wind still occur although they are not as
large. By expanding the areal coverage of the measurement we can min-
imize the decca noise and get a more stable representation of the para-
meter differences. Therefore, we will average all parameters over the
5-11° radial belt. This improves the data quality without greatly
reducing the differences between the two systems.

Vertical Wind Shear. The vertical wind shears computed over the

5-11° radial belt over octants 8, 1 and 2 between 850-500 mb and 850-200
mb are also very different (Fig. 26). The 850-500 mb vertical wind shear

1 for the non-

is only about 3 m s-l for the intensifying set vs. 6 m 5
intensifying set. The 850-200 mb vertical shear is about 12 m s—l for
the intensifying set vs. 21-25m sml for the non-intensifying data set.

The differences are even larger if we compute the vertical shears from

Figs. 24 and 25.
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Fig. 26, The yertical profile of the zonal wind averaged over the
5-11" radial belt for octants 8, 1 and 2 for the LF ~432
time (left diagram) and the LF =18 time period (right Jddagr.a).

Summary. Further analysis of the composite data sets on the north-
ern side continues to produce large differences betwsen the two data
sets. But the unanswered question is how much variability exists in
the parameters of the individual cyclone cases which make up the compo~
site study. Furthermore, how well can we use these results to produce
skillful forecasts? To answer these questions, the parameters discussed
in this section will be measured for each individual cyclone system and
compared against the mean to see if we can, in fact, produce a reliable

forecasting scheme.

3,2 Application of Parameters to Individual Cases

Special computer programming techniques developed by Edwin Buzzell
of the CSU tropical storm group were employed to retrieve the data for
each of the individual storms which made up the composites. Objective

procedures were used to caleulate all parameters. In data-sparse reglons
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smoothing procedures were used te determine the parameter values, A

complete listing of the computations can be found in Tables 7-10 of

Appendix A. A summary of those tabular values can be seen in Figs. 27
and 28,

Temperature. The average 5-11° radius 850 mb temperature for all
cyclones ranged from 13.5°C to 21°C. The value of 15.5°C was chosen as
a threshold value upon which t» base intensification. Only 9% of the
intensifying systems (2 of 23 cyclones averaged over the LF =42 and LF
~18 time perilods) had an 850 mb temperature colder than 15.5%¢c. of the
non-intensifying systems, 50% (6 of 12 storms) have 850 mb temperatures
warmer than 15.5°C but hed other parameters which did not favor inten-
sification. Of all cyclones averaged over the two time periods, 77%
could have been identified as intensifying or non-intensifying simply
from their respective 5-11° radius 850 mb temperature fields being
warmer or colder than 15.5°C. '

Height. The 200 mk height field averaged over the 5-11° radial
belt over octants 8, 1 and 2 also displays a good delineation between
systems. The value of 12380 m provided a base value upon which 74% and
80% of the storms at the LF -42 and LF -18 time periods could haVe been
characterized as intensifying or not. Most of the remaining 26—

|
}O%
) In

was made up of intensifying systems with height values < 12380 m,
no case did a storm intensify with a height field < 12320 m and pOn-

versely only one storm did not intensify when the height field vas

P R T B

> 12420 m. Furthermore, at the LF -18 time period as the cyclqhe

RO

'approached landfall and further baroclinic interaction, only gne cyclone

did not intensify with a height field > 12380 m. '
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Zonal Wind. The individual case measurements of the impinging
zonal westerlies upon the storm s¥stem also verifies the results of the
composites. The negative of the zonal wind (- ﬁéOO) is plotted in Figs,
27 and 28 and the established threshold is -10 m s~1. The results are
best at the LF -18 time period where 807% of the cyclones are properly
classified as intensifyirg or not. The majority of intensifying
cyclones which were incorrectly classified had zonal winds stronger than
the threshold value. These storms were primarily large and strong systems
with a well established anticyclone. The effects of the strong anti-
cyclone at 200 mb was to add to the strength of the westefiies in the
6° belt on the northern octants.

Vertical Wind Shear. Similar results were also found in the

vertical zonal wind shear calculations. A threshold value of ~16 m sgl

for the 850 mb minus 200 mb zonal wind was established from the scatter
of the data as depicted in Figs. 27 and 28. Here again the intensifying
cyclones with large vertical wind shear were primarily large cyclones
with a strong upper level anticyclone. However, most of these cyclones
had a compensating weak vertical wind shear from 850 to 500 mb.

To summarize Figs. 27 and 28 we find that a large variability exists
in each of the parameters but a distinct division is evident between the
two data sets. An attempt to maximize the positive benefits of eac%
parameter was made by adjusting the scale of each parameter based on

its importance as determined from statistical methods shown in section 3.

3.3 Designation of the Forecasting Parameter
An intensification parameter (IP) can be determined from a normal-
ized sum of each parameter as determined from the scale on the bottom

of Figs. 27 and 28 or
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IP = Hygo + Tgsg + (= Upgg) + (Uggg = Usgg) *+ (Ugsg = Uggg) (2)

200
This IP parameter was designed to imply the nature of a storm's poten-
tial intensification but not necessarily the degree of that intensifica-
tion. TFor example, if IP < 0 we would expect this storm to be a
non-intensifying system; 1f IP > 0 the storm should intensify prior to
landfall. There is a climatological variability in IP through the

storm season and an adjustment for this variability is made to compen-
sate for the imbalance. Discussion of the climatic variability is given
in section 4.2 and details of the correction are discussed in Appendix
B.

IP applied at the LF ~42 time perlod correctly forecasts the inten-
sity change for 71% of the 35 storms. At the LF -18 time period the
skill improves to 77%. 1IP was plotted against the next 24 hour wind
speed change for each storm and the results can be seen in Figs. 29 and
30.  The statistical implications of these figures will be treated in
section 5 but the two data sets appear significantly different. The
exceptions of particular note in the figures are the open circles
located to the left of the zero line. These data points represent the
following storms: Cindy 1963, Isbell 1964, Abby 1968, Ediéh 1971,
Carmen 1974, and Eloise 1975. A careful analysis of the weather charts
for these storms revealed that they all moved into and intensified in a
baroclinic region. This 1is precisely the kind of interaction which
typically prevented the non-intensifying systems from intensifying.
Perhaps these storms had different inner core characteristics and the
baroclinic interaction in some way did not weaken the cyclone as is

normally the case. It's possible that a measurement of the imposing




24 HOUR WIND SPEED CHANGE (Kts)

Fig., 29,

24 HOUR WIND SPEED CHANGE ( Kts)

Fig,

s0}-
a0}
3o}

20

o
c

o
T

42
g?m"‘ooa QUALITY.
LF -42
o o INTENSIFYING
® NON-INTENSIFYING
- :
o
a o o
o
000
o 0%2 o
* (o] oe O (o]
o
o0 Pob o o o o
o o

-10L

70

60

50

40

30

20

-t0

L1 1 1 — 1 L L
-200 -160 -120 -80 -40 O 40 80 120 160 200

1P

Intensity change parameter (IP) vs. the next 24 hour
sustained wind speed change for the LF -42 time period.
Circled data points are the central values of the respective

LF -8
o INVENSIFYING

e NON-INTENSIFYING

[+]
o]

Spro
o
o
o 000
) ° Te) ©o
o o
0
* )
® @ oo ]
° o e ! ]
L4 ®
1 4

30.

i 1 1 A 1 e i i '
-200 -160 -j20 -80 -40 O 40 80 {20 160 200 240

1P

Same as Fig. 29 but tfor the LF -18 time period.

AL R AEE T e L hRd




43

baroclinic field alone is not enough and that there is a combination of
several forces which governs intensity change. Careful budget studies
(particularly angular momentum) may yield a better answer to each storm's
intensification trends.

There has been confusion in regard to the interpretation of the
influence of upper level troughs and baroclinicity on the poleward side
of tropical cyclones. One must clearly distinguish between the typical
deep layer baroclinic trough associated with middle latitude storms and
the distinctly tropical upper tropospheric troughs (the so-called TUTT)
often associated with tropical cyclone development within the trade winds,
The TUTT is a summer phenomenon of the sub-tropical oceans and is gen-
erally favorable to the development and/or enhancement of tropical storm
systems when the trough is located to tie northwest of the incipient
system. By contrast, a deep layer baroclinic trough is not favorable
for cyclone development or enhancement. It is very important to make
this distinction. This paper presents evidence on the weakening in-
fluence to cyclone strength of a deep layer baroclinic region to the
cyclone's poleward side. Note in Fig. 11 that the 950-400 mb layer
vertical wind shear fields between the intensifying and non-intensifying
systems are very different. It is this lower and middle level baro-
clinicity which is the primary factor in determining cyclone weakening
not upper tropospheric baroclinicity. It is very important that this

distinction be appreciated.

3.4 Rate of Change of IP
Another important feature of the intensity change parameter is
its rate of change. Preliminary results of case studies show that when

the intensity parameter registers a large increase with time, the storm
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typically responds with a strong intensification within 6 to 12 hours.

Conversely, a sharp decrease in IP is usually followed by a steady state

or filling storm. Therefore, the initial value of IP should not be
the sole determinator in forecasting storm intensity but the trend of

the IP parameter should also be taken into consideration.
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4. APPLICATION OF IP TO INDEPENDENT DATA

It would be unfair to make general conclusions about the reliability
of the intensification parameter (IP) based on only 35 cases. Therefore,
the author sought independent data on which to further test the parameter.
Seven cyclones from the storm seasons of 1978 and 1979 were examined,
Secondly, all tropical depressions for the period 1967-1979 (23 cases)
were studied. Then, the climatological and diurnal variabilities on
the parameters were examined to determine the adjustments to be made to
IP to allow for these variabilities. Finally, the scheme was applied to
23 independent intensity change composite data sets of the west Atlantic
and west Pacific available at CSU. A listing of all additional cyclones
and the analysis of the five components which go into the IP parameter

are glven in Tables 11-14 of Appendix A.

4.1 Results of Independent Storm Analysis

Publication of west Atlantic tropical depression positions was
begun in 1967 but it wasn't until 1974 that they were assigned depression
numbers. Intensity changes for depressions are not included in the sum-
maries until they reach a minimum tropical storm strength. Hence, the
author had to make a general assumption that all depressions were non-
intensifying systems. This 1s not necessarily a good assumption since
depressions have been known to form in weak wave-trough systems, intensify
to 15 m s'.l within 24 hours and then make landfall a short time later --
all criteria which would classify the system as intensifying. But for
the purposes of this study all depressions will be treated equally with

the exception of Depression #9 of 1975. This depression, as noted by
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N, Frank (1976), was one which formed quickly and caused millions of
dollars of damage in flooding as it moved inland. Although exact wind
speed change was not available for this depression, indications were
that it was an intensifying system,

The parameters were analyzed for all independent cyclones using the
individual weather charts following the computational procedures for
intensity change as discussed in Appendix B, The results of this
analysis are presented in Figs. 31 and 32. Since data on the next 24
hour wind speed change was unknown for the depressions, it was assumed
that these wind speed changes were zero. Even with the assumption that
all depressions are non-intensifying systems we could have forecast the
correct intensification trend for 15 of 20 cyclones (75%) at the LF =42
time period and 24 of 31 cyclones (77%) at the LF -18 time period.

These results are comparable to those obtained from the original data
sets. The big difference in examining the independent cyclone data is
that the false alarm rate has increased (more cyclones forepast to in-
tensify than actually did) but the rate of missing an intensity increase
has been lowered.

Tables 7-14 of Appendix A list the data for each cyclone case. To
give a better understanding of the variability of the IP parameter for
each data set as listed in the tables, Fig. 33 was constructed to show
how the data is dist;ibuted about the median value. The solid line
represents the range over which approximately 50% of all cases fall.

The dashed line gives the range in which about 70% of all cases fall.
Because of the small sample size (5 cases) of the independent inten-
sifying data set at the LF -42 time period, the solid line for this data

set represents a 60% range. This figure shows no overlap between
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Fig. 31. Intenslty change parameter (IP) versus the next 24 hour
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Variability of the IP parameter for individual cyclone cases

as distributed about the median value of each data get., The
solid line represents the range over which approximately 50%

of all cases fall.
about 70% of all cases fall.

The dashed line gives the range in which
An exception is data set 5 which

represents a 607 range because of the smali sample size. The
number beside the open/closed circles represents the data

sets described ahove.

intensifying and non~-intensifying cases at the 50% level. However, at

the 70% level some overlap occurs in nearly all data sets. This is the

indeterminant region in which the forecast errors are tg be expected.
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4.2 Climatological and Diurnal Variation of the Parameters

The monthly distribution of intensifying vs. non-inteneifying cases
(Table 2 -~ page 15) gives indications that the differences found in the
composite study may be due to climatological differences found by com-
paring early and late storms to those which occur during the peak of the
storm season. However, after the addition of the independrnt cyclone
data almost no such seasonal variability exists. Table 3 shows nearly
an equal distribution of cyclones by month for both the intensifying
and non~intensifying cyclone systems.

Seasonal climatological variations do occur in all parameters.
Thexefore, the IP parameter must also have a seasonal variation which
must be compencated for in the forecast scheme. A ten year (1958-1367)
monthly mean over 18 rawinsonde staticis located in the Gulf coastal
area was computed for i&OO and Téso. The seasonal variation of these
parameters is shown in Figs. 34 and 35. The dashed line in the {igure
is the threshold value established for the forecast scheme. Monthly
mean values of the wind parameters (3850"ﬁ300 and ﬁ}oo) were evaluated
by averaging 5 Gulf coastal rawinsonde stations over a 5 year period
(1960-1964). From these climatological messurements a monthly mean
value of the IP parameter was. calculated. The variations of the IP
parameter are shown by the heavy solid line in Fig. 36. All cyclone
cases from this study were subdivided into 15 day (half-month) periods
and average IP values were computed for all cases as shown in Fig. 35,
The seasonal variations of all individual cases closely parallels -
the climatological curve. A compensation curve to allow for these
seasonal variations in the IP parameter is shown in Fig. 37. Basically,

the calculated value of the IP is increased during the early and late
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TABLE 3
Monthly occurrence of all cyclones which make up the study. The table

includes both the individual cyclones from the composite atudy and the
cyclones from the indepencent sample,

MAY JUN JUL AUG SEP OCT TOTAL

INTENSIFYING Ol4|14|6|14|2]|30
NON-INTENSIFYING [2 |5 | 5|6 [12] & |36

portion of the storm season and decreased during the peak of the season,
Exact details of the corrections are given in Appendix B.

Diurnal variations in TSSO were noted when making the computations
for the independent cyclone systems. The variations were particularly
significant for cyclones centered in the western Gulf of Mexico where
the 5-11° belt of octant 2 is located over central and west Texas, This
part of Texas is slightly elevated and experiences strong surface heat-
ing. The surface heating 1s reflected at 850 mb where temperatures as
high as 27°% were observed at 00Z in contrast to an average temperature
of 17% at 12Z. For storms in this area, only the 12Z temperature
should be used. Large diurnal variations in temperature were not ob~-

served in other areas.

Diurnal variations in EEOO were not observed.

4.3 Comparative Composite Analysis
Accepting the hypothesis that poleward baroclinic interaction
causes storm weakening, it is to be expected that trends similar to

those shown for the Gulf of Mexico should also occur in other ocean

T
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Fig. 34.

Fig. 35.
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basins. The author examined the comparative composite cyclone intensity
change studies made by previous investigators at CSU -- Frank (1977),
Zehr (1976) and Ndiiez (1981). Only those studies which contained a
number of storms poleward of 15° latitude were considered. Climatologi-
cally, baroclinic troughs rarely penetrate equatorward of 15° 1atttude
during the storm season. See Appendix C for a detailed description of
each composite data set.

Analysis of these comparative composite studies (Table 4) yields
results similar to those found in the Gulf of Mexico. 1In all filling
composite data sets the intensity change parameter is significantly
smaller than for the corresponding deepening set. This difference can
easily be attributed to baroclinic interaction by examining the indivi-
dual parameters of this table. For example, for the non~intensifying cases
the westerlies are much stronger and are closer to the storm center;
the vertical wind shears are much stronger; the low level temperature
fields are colder; and the upper level height fields are lower,

Minor modifications had to be made to the procedures for computing
IP in the Pacific basin. Climatologically, the 850 mb temperature field
is warmer and the 200 mb height field is higher in the Pacific than the
Atlantic. Therefore, new threshold values had to be established for
these parameters. IP was computed for all data sets and the results
can be seen in Fig. 38. It is most important to compare the distance
separating each of the data sets rather than the relative placement on
the graph. Further study in the Pacific basin needs to be done on in~
dividual cases to better refine the threshold values but the preliminary
results of Fig. 38 show promise for implementation of a quantitative sys-
tem for that ocean basin also. However, the climatological and diunral

effects must be examined more carefully for the Pacific basin.



TABLE 4

Summary of the parameters analyzed for the comparative composite studies done at CSU.

All wind parameters are in meters, T850 is “C and HZOO is 412000 m.

. = - - - - - b o = =

COMPOSTTE TITLE 00 DUs00 Usso Uss0 U500 8507200 6 BELT "0 By P AIP
200 [

Dropco inten LF -42 6.7 -1.5 -4.1 -2.6 -10.8 3.4 17.4 411 68

Dropco non-inten LF -42 17.9 1.1 -5.4 -6.5 -23.3 15.0 15.5 355 =55 123

Dropco inten LF -18 9.4 -0.2 -3.0 -2.8 -12.4 5.0 17.7 408 60

Dropco non-inten LF -18 16.4 2.5 -=2.9 -5.4 -19.3 14.9 15.9 343 37 97

WI deep (all latitudes) 12.2 0.6 -4.4 -5.0 -16.6 10.5 16.1 374 -3

WI fill (all latitudes) 19.1 3.7 =3.7 -7.4 -22.9 14.8 14.2 331 -74 71

WI deep (< 30‘; latitude) 10.8 -0.9 =5.4 -4.5 -16.2 9.3 16.4 391 15

WI £i11 (< 307 latitude) 15.5 1.2 -5.1 -6.3 20.6 14.2 15.9 381 -24 39

7zehr develop trade clusters 2.9 =4.0 -6.9 -2.9 -9.8 1.2 17.9 468 63

Zehr stage 0 nmon-develop 1.7 -3.4 -6.2 -2.8 -7.9 0.5 16.9 418 8 55

Holliday rapidly deep -24 2.1 =-2.7 -=5.2 -2.5 -7.3 3.6 18.5 448 50

Holliday rapidly deep 0 4.5 -1.2 -3.8 -2.6 -8.3 0.7 18.3 472 75

Holliday rapidly deep +24 6.7 -2.6 -5.4 -2.8 -12.1 5.4 18.4 470 69

Bill Frank Data Sets

Type A deep (> 20’2 lat) 5.0 0.4 —4.1 -4.5 9.1 2.6 - 18.0 473 1

Type & fill (Z 20" 1lat) 16.1 4.5 =4.8 -9.3 -206.9 11.9 16.0 433 -63 124

Type 4 early deep (> 20° 1at) -3.2 1 7 18.8 496 145
Type B fill (> 20° lat) 8.0 1.9 -3.3 -5.2 ~11.3 .7 17.9 464 38 107

s
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TABLE4 (cont'd)

— - - - _ o _ —

COMPOSITE TITLE Y200 Uspo  Ugso TUgsoTsng Ugs0~U200 ;f’f BELT  Tggy Hyy IP AP

— _ 20 -
£111 Frank data sets (cont'd)
Type A deep (< 303 iat) 4.8 -1.3 -5.g -4.5 -10.6 3.0 17.9 475 53
Type A £ill (< 30° 1at) 14.8 3.7 -5.3 -9.0 -20.1 11.4 15.8 436 -57 115
Type A early deep (< 30° lat) -1.5 -3.g ~5.5 -1.2 -4.0 -0.9 18.5 477 101
Type B £i11 (< 30° Tat) 7.8 1.7 -3.6 -5.3 -11.4 5.0 17.8 461 36 65
Type I deep 5.5 -1.4 -6.2 -4.8 -11.7 4.6 18.1 448 26
Type I £ill 15.6 4.9 -4.5 . _g.4 -20.1 i3.5 15.3 419 _g5 113

1

Type II deep 3.4 -0.2 -3.4 -3.2 -6.8 2.8 m m m
Type IT £i11 17.1 6.3 -1.8 -8.1 -18.9 14.7 m m m
Type IIT deep 6.8 1.5 1.1 -0.4 -5.7 -1.8 m m m
Type IIT fill 20.7 8.5 -0.1 -8.6 ~29.3 18.7 n m m

_—_-_.—....—.-_—._.—-———-—_.___—_—_—_-—»—__—-—.-__—_._____—‘—‘———__'_——“—*

1These values are missing because thermodynamic Tuns were not made for these two composite studies.
However, the wind Parameters show a great disparity between the deepening and filling data sets.
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posite data sets. Numbers denote each composite data set
comparison. The line between the data points shows the dif-
ference between the intensifying and non~intensifying data
sets. See Appendix C for a detailed description of all data

sets,
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This forecasting scheme was also applied to a set of rapidly deep~
ening typhoons (deepening rate > 42 mb d-l) from the northwest Pacific
which was studied by Holliday and Thompson (1979). IP was determined
from rawinsonde composites prepared for these storms for three time
periods (RD-24, RD-0, RD4+24) as described in Appendix C. Computations
of IP made for these Holliday and Thompson cases indicated that inten-
sification should occur. Cloce analysis of the parameters which deter-
mine IP (Table 4) revealed that a large part of the increase in IP
between time periods for this data set was due to changes in the 200 mb
height field. It appeared that the storms were moving into an area of
higher 200 mb heights (> 12470 m) as the xapid deepeninj, was occurring.
Indications are that it may be just as important to watch for changes
in the individual parameters as well as the total change in IP.

Discussion. This section has provided more verification that
baroclinic interaction does in fact modify a storm's intensity and more
importantly that the interaction can be measured in a quantitative sense.
The skill of making forecasts using this quantitative scheme has been
shown to be > 70% correct. The author is hopeful that through further

refinements this forecast skill can be increased somewhat.
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5. STATISTICAL ANALYSIS

The data as presented in this study appear to be highly sipnificant,
To determine the level of significance of these results, all data were
examined collectively for the time periods LF -42 and LF ~18. The sta-
tistical methods used for these non-parametric data sets were contingency
tables, prefigurance - post agreement, skill scores and the¢ recently
developed technique termed Multi-Response Permutation Procedures (MRPP).
A complete description of the MRPP technique can be found in Mielke
et al. (1976, 1981) and Mielke (1979).

5.1 Contingency Tables

Contingency tables represent a means of testing the discrepancy
between observed results and those expected under the proposed forecast-
ing parameter. Two by two contingency tables were used to plot future
forecast intensification (I) and non-intensification (NI) against that
actually observed (Fig. 39). For this statistical test any cyclone
which experienced a wind speed change > 10 kts over the next 24 hour
period was considered an intensifying system. Figure 40 shows the no-
skill table that would have resulted 1f the forecaster really had no
skill and his correct forecasts were due to random probability. This
no-skill table is formed from Fig. 39 by multiplying row totals by
column totals and then dividing by the grand total. Using these two

tables we can then compute the chi-square statistic by

2
2 4 (0 -H)
X =1 m
i=1 {
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LF -42 LF -I8

OBSERVED OBSERVED
4 I NI TOTAL 4 I NI TOTAL
R 12| n |3 Ro1f 25| 9 |34
S Nif s | 1o [ 24 § wn| 6 | 26 | 32
s S
TyoraL| 25 | 30 | 55 Trora| 31 | 35 | 66

Fig. 39. Contingency tables made from all storm cases for the LF - 42
time period (left diagram) and the LF -18 time period (right

diagram).

LF -42 LF -18

OBSERVED OBSERVED
3 I___NI TOTAL 3 I NI TOTAL
R Il 14 ] 17| 3 R Il 6|18 |34
E | 2 ‘
S N[ 1|13 2a 5 nr| s | 7| 32
S S
TyoTAL| 25 | 30 | 55 TromL| 31 | 35 | e6

Fig. 40. No-skill table made from the contingency tables in Fig. 39
by multiplying the row total by the column total and dividing
by the grand total. Left diagram is for LF -42 time period
and right diagram is for the LF -18 time period.
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where 0, is the observed counts (Fig. 39) and H; is the no-skill counts

(Fig. 40). We find that for the time period LF ~42, x2 = 12,4 and at
LF -18, x° = 19.7. Using chi-square tables with one degree of freedom,
we find that for both time periods the probability value for chi-square
is less than 0.001 that a no-skill forecast would have led to the given
verification tables (Fig. 39).

The usefulness of the predictor can also be determined by forming
contingency ratios (Fig. 41). These are simply the ratios of the
numbers in the contingency tables (Fig. 39) to the numbers ia the cor-
responding no-skill tables (Fig. 40). Whenever these ratios are greater
than unity, the relationship between the predictor and outcome is much
better than a chance one. As we can see from Fig. 41 the forecasting

parameter is significantly better than chance in forecasting both inten-

sification and non-intensification.

5.2 Prefigurance - Post Agreement
Prefigurance measures the extent to which forecasts give advance

notice of the occurrence of a certain event. Post agreement gives the

LF -42 LF -18

OBSERVED OBSERVED
F I NI F I NI
0 0
E Il 1.43] .65 g I] i.56| .50
S ,
g NI} .45 |1.46 § NI] .40 | 153
T T

Fig. 41. Contingency ratios formed by dividing the values in the con-
tingency tables (Fig. 39) by the values in the no-skill tables
(Fig. 40). Left diagram is for LF ~42 time period and right
diagram is for LF -18 time period.



61

extent to which subsequent observations confirm the predictions when
a certaln event is forecast. This information can be found by using
the previously constructed contingency tables (Fig. 39) to develop the
tables found in Figs. 42 and 43. The data from these figures is con~

densed below:

TABLE 5
Prefigurance Post Agreement
(Percentage Accuracy) (Pexcentage Accuracy)
I NI 1 NL
LF =42 80 63 65 79

LF -18 81 74 74 81

As an example of the use of Table 5, we might consider the LF ~-42 time

period. We see that forecasts of intensification were followed by in-

tensification 65% of the time while occurrences of intensification were
indicated in advance 80% of the time. The trend in the scheme is to

over forecast intensification while under forecasting non-intensifcation.

5.3 Skill Scores
The information contained in the contingency tables can be combined

into a single index (S), called a skill score. It is defined by

where C is the number of correct forecasts, T is the total number of
forecasts and E is the number expected to be correct by chance. Skill
scores were computed for the two time periods and found to be .43 and

.55 for the LF -42 and LF -18 time periods respectively. These numbers
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LF -42 ' LF -I8
OBSERVED OBSERVED
F I NI F
; £ I NI
R 1| 80| 37 g 1f 8|26
¢ ¢
$ nI| 20 | 63 g nNif 19 | 74
tota| 100 | 100 T orad] 100 | 100

Fig. 42. Percent of time each observed category vas correctly forecast

(Prefigurance).
LF -42 LF -18
OBSERVED OBSERVED

I___NI TOTAL I___ NI TOTAL

I| 65 35 | 100 I| 74 | 26 | 100

NIl 21 | 79 | 100

NI| I° 8l | 100

~4NP>OMP$O M
A3 OMIVO™M

Fig. 43. Percent of time each forecast event ocrurred for a particular
categorv (Post Agreement).
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represent an average correct forecast rate of 75% which beats chance by
25%.,

5.4 MRPP

The MRPP technique which has been developed at CSU (cf. Mialke et.
al., 1976, 1981; Mielke, 1979) 1s a nonparametric statistical methodology
which does not involve normality or other assumptions usually made in
statistical analyses. It allows the simultaneous comparison of one or
more variates of one data set with the same variates of other data sets.
The procedure essentlially measures the Euclidean distance between all
data points giving the likelihood of one set of data being statistically
the same as an opposing data set, 'The MRPP technique was applied to the

data of this study in three ways;

1) All parameters were examined univariately comparing the inten-
sifying versus non-intensifying set.

s

2) The three most significant parameters, ﬁkoo, iéso and Usoo

(6~ belt) were combined in a three-way combination.

3) All five parameters were examined in a five-way combination.
The results of the analysis are shown in Table 6. One can see that the
vertical wind shears are the weakest parameters but when combined with
the other parameters to form IP, the results become extremely signifi-
cant.

The MRPP statistic can also be used to improve the selection of
parameters in devising a forecasting scheme. For example, in the NW
Pacific, data is less abundant particularly at the 500 mb level. There~
fore, use of the scheme without the contribution of the 850 to 500 mb
shear should also give good results. In fact the MRPP results indicate

that the 260 mb height field alone may be sufficient to produce a

reasonable forecast,
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TABLE 6

MRPP significance levels on probability that the intensifying and
non-intensifying data sets are the sama. Parameters are listed in order
of significance as determined by an average of both time periods.

Values are given in percent (%).

PARAMETER SIGNIFICANCE LEVEL

LF -42 Ly -18
1P .00772 .000878
5 Way Comb:l.nat:ionl .0576 .000288
3 Way Combination? .0752 000275
ﬁéoo .0787 . 000288
Thso .323 .0035
Uyn0(6° belt) 1.18 0724
Ugeo = Ungg .140 1.31
Ugso - Eﬁoo .230 3.56

15 Way combination consists of all five parameters.

2, o - = - o
3 Way combination consists of H200’ TBSO and U200 (6 belt).

Discussion. The four statistical methods had all shown that the
results produced by the forecasting scheme are highly significant.
This allows us to adapt the scheme to operational usage with a high
degree of confidence. However, we must remember that this scheme is
an objective tool designed to be used by less experlenced forecasters

and may only be of minor help for the experienced forecaster.

PO
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6. CONCLUSION

The original goals of this research were to detect systematic outer
cyclone (3-12° radius) meteorological differences between i{ntensifying
and non-intensifying storms merely by examining the tropical weather
charts available at the National Hurricane Center. But many hours of
tedious study of these charts could only give weak subjective indications
of possible baroclinic influences on cyclone intensity change. There-
fore, the rawinsonde compositing scheme was employed in order to investi-
gate quantitative differences in an objective manner. Composite differ-
ences were found tn be significant. Of particular interest were the
differences found in the 850 mb temperature field, the 200 mb height
fleid, the 200 mb zonal wind, and vertical wind shears of the zonal wind.

Based on the results obtained from the composite study the individual
cyclones were again analyzed for these special parameter differences.
Some varijability was inherent in the results, but a distinct demarcation
between the two data sets was evident in 70-80% of the cases. Special
combinations of the parameters led to a quantitative scheme for fore-
casting tropical cyclone intensity change.

This forecast scheme held up well when tested against independent
data, The scheme was able to forecast intensity change 71-77% correct
for all time periods and was at its best as the cyclones were within
24 hburs of landfall. It was found that trends in the parameters should
also be carefully watched as indicators of intensity change. Through

the use of previous comparative rawinsonde composite studies, we were

able to show that the results of this study are applicable to composite
data sets (and mostly likely individual cases also) in the other regions

of the west Atlantic and also in the western Pacific,
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The forecasting scheme presented in this study may not sipgnificantly
exceed the accuracy of the forecasts produced by the experts at the
National Hurricane Center or the Joint Typhoon Warning Center but it

does give quantitative guldance to the parameters which appear to be

important to intensity change. Because the scheme was designed for uge

on standard isobaric charts, any duty forecaster (regardless of experience)
should be able to make the IP computation within 10-15 minutes. Also,

the selection of the 850 and 200 mb charts allows one to supplement the
standard analysis at these levels with SM5 satellite derived winds.

The scheme can also be programmed for routine computer printout,

Although this study failed to correctly predict intensity change
in approximately 25% of the cases, the scheme‘appears to perform as well
or better than other currently available forecasting techniques. You
will always have an Eloise to defy your best physical reasoning. How-
ever, the idea that intensity change can be approached in a quantitative
manner bears further investigation. More research should be made to
determine how the physical coupling between tropical storms and the large
scale baroclinic zones on the poleward side takes place. Hopefully,
some of the ideas présented in this study will stimulate further cyclone
intensity research.

An additional side benefit of this study, in addition to the parti-
Cular results bresented on cyclone inteasity change, is the formdlation
of a methodological tachnique for quantitative forecast development
through the use of rawinsonde composite analysis. This methodology
is summarized by the progressive steps of route B in Fig.44.

Quantitative forecast schemes cannot typicaily be developed from

direct inspection of individual weather maps'és ihdicated by route A of
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Fig, 44 (i.e., going directly from step 2 to step 9 ). One is usually
required to follow the procedures illustracedggﬁ quie I of this
figure. A quantitative forecast scheme dcvclopmuut;usually requires
the evaluation of numerous rawinsonde reports from different classes ot
weather systems to determine mean differences between classes. Only
when this is accomplished can one begin testing to determine the extent
to which such mean class parameter differences can he detected in indi-
vidual case situations. In this manner the rawinsonde compositing
technique has been used as a vehicle to transport us from a general
idea to a specific application. Then thorough statistical testing to
determine forecast skill, testing with other independent data sets, etc.,
follows in logical progression as shown by route B of this figure.

The research meteorologist can only carry the procedureé‘as far as
step 8, The final teéting of any new forecast scheme must be done in
the operational environment by operational meteorologists (step 9).

It is anticipated that this empirical methodological approach
using composite rawinsonde data can be utilized to develop many other

types of practical forecast schemes.
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ORIGINAL PAGE,
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OBSERVE TROPICAL CYCLORE CHARACTER
ISTICS AND STRATIFY INTS APPROPRIATE
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Fig. 44, Flow diagram of the procedures needed to develop an empirical

forecast scheme. This study followed the procedures outlined
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by Route B where rawinsonde compositing (step 3) was an integral
and necessary step.
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APPENDIX A

Appendix A is a summary of the parameters analyzed for all storms

which make up this study. Tables7-10 represent the data for the orig-

inal composite study., Tables 11-14 1list all resujts for the independent

storms which were tested. All Parameters analyzed (except 6° belt

represent the 5-11° belt average over octants 8, 1 and 2,

respective parameters are ag follows:

zonal wind parameters (USSO’ USOO’ UZOO)

vertical zonal wind shear (USSO'USOO’ UBSO-DEOO)

temperature field ( 850’
height field (HQOO)

intensification parameter (1IP)

wind speed change

D

200
Units for the

+12000 m
1o units

kts




TABLE 7

Summary of the parameters analyzed for the intensifying set at the LF -18 time period

STORM 7. T T U, .-T, o, -0 6°BELT T K Ip NEXT 24 HOUR
NAME 200 500 °850 850 "500 850 200 Tpo0 850 200 WIND SPEED
CHANGE
Audry 13.7 0.9 -1.4 - 2.3 - 15.1 10.5  18.4 357 42 35
Bertha -16.9 =5.0 ~2.4 2.6 + 14.5 -20.9 17.5 476 195 25
Debra 9.0 2.0 -0.3 - 2.3 - 9.3 8.4  19.4 423 56 30
Judith 18.0 5.0 -0.6 - 5.6 - 18.6 8.0 17.3 444 o4 30
Carla 20.5 4.6 -7.7 - 3.1 - 18.2 8.3 18.5 456 41 15
Cindy 17.1 2.9 -3.5 - 6.4 - 20.6 15.6 15.4 386  -60 30
Abby -3.1 -5.8 -2.2 + 3.6 + 0.9 - 5.3 21.1 475 153 30
Isbell 30.3 6.6 -6.2 -12.8 - 36.5 24.2  15.0 350 =109 30
Betsy 1.4 =5.5 -6.6 - 1.1 - 8.0 3.6 16.6 456 92 20
Beulah 15.9  -0.5 =4.7 - 4.2 - 20.6 7.8  16.7 401 6 30
Abby 19.1 2.9 -2.8 - 5.7 - 21.9 20.7 16.3 327  -15 5
Candy 8.1 0.0 -3.6 - 3.6 - 11.7 2.9 18.2 414 95 35
Camille 10.6  3.4. -0.8 - 4.2 - 11.4 7.4  18.3 437 23 35
Celia - 5.4 =2.2 -0.6 + 1.6 + 4.8 - 4.5 19.9 482 147 25
Ella 7.7 0.5 -4.7 - 5.2 -12.4 7.4 18.2 433 37 35
Felice -14.3 -7.9 -5.8 + 2.1 + 8.5 -19.9  17.4 474 192 25
Edith 25.4 + 2.0 -0.5 - 2.5 - 25.9 2.1 18.9 330 -62 35
Carmen 16.8 4.1 -2.5 - 6.6 - 19.3 In.7 15.9 376 -55 25
Caroline - 1.1 -2.3 -1.8 +0.5 - 0.7 - 6.6 18.8 409 89 35
Eloise 20.5 6.3 ~-4.8 -11.1 - 25.3 12.7  14.0 319 -104 50
Anita 2.9 -3.3 5.6 - 2.3 - 8.5 3.1  18.4 434 44 65
Babe 7.3 -0.9 -3.4 - 2.5 - 10.7 2.8 18.0 424 52 25
Average 8.8 -0.1 -3.3 - 3.2 - 12.1 5.8 17.6 413 49 29.8
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57
59
59
61
63

64
65
67
68
68
69

70

70
70
71
74
75
75
77
77

Summary of

STORM
NAME

Audry
Bertha
Debra
Judith
Carla
Cindy
Abby
Isbell
Betsy
Beulah
Abby
Candy
Camille
Celia
Ella
Felice
Edith
Carmen
Caroline
Eloise
Anita
Babe

Average

TABLE 8

the parameters analyzed for the intensifying set at the LF -42 time period

_ _ _ _ _ o _ _
00 Ysoo Usso UssoUsco  Vaso~Uz00 %B‘m Tgso Hao0 T "gg :SZ:E‘;D"“R
200 ‘
17.4 - 0.9 - 0.3 + 0.6 -17.7  17.3 16.4 391 25 20
3.4 - 5.0 -3.1 +1.9 - 6.5 5.7 16.6 406 22 i0
5.6 2.1 - 1.1 - 3.2 - 6.7 1.6 19.3 434 81 10
3.6 - 2.7 - 4.2 - 1.5 - 7.8 1.6 18.3 439 153 15
8.0 - 6.9 - 8.3 - 1.4 -16.3 3.5 17.8 427 38 20
22.8 4.8 - 2.4 -7.2 -25.2  19.3 16.4 337  -57 15
8.3 - 0.6 - 4.2 - 3.6 -12.5 8.5 20.6 483 68 0
25.4 9.8 - 6.5 -16.3 -31.9 17.6 14.9 362 -84 50
- 6.8 - 8.2 -12.1 - 3.9 - 5.3  10.1 15.8 395 68 5
9.6 - 1.2 - 4.1 - 2.9 -13.7 9.0 17.3 410 35 15
18.8 1.5 - 6.5 - 8.0 - 25.3  11.7 16.1 335 3 30
0.0 1.8 + 1.4 - 0.4 + 1.4 0.0 17.8 401 131 10
3.7 0.3 - 1.3 - 1.6 + 5.0 5.5 17.9 417 59 30
-4.5 -0.2 0.3 +0.5 + 4.8 2.6 19.1 465 124 25
6.0 - 5.4 - 4.3 +1.1 + 1.7 2.1 17.5 436 105 40
0.9 -4.2 - 5.2 - 1.0 - 4.3 0.6 17.8 425 99 0
21.6 = 3.0 - 2.6 + 0.4 - 2.2  19.9 19.2 376 29 0
4.5 7.3 - 1.2 - 8.5 -15.7 12.9 15.6 385  -43 35
-5.8 -3.0 - 3.9 - 9.9 + 1.9 6.1 17.9 423 109 30
6.8 - 3.7 - 5.9 - 2.2 -12.7 5.0 17.2 378 17 20
4.8 - 2.7 - 3.5 - 0.9 - 8.4 3.8 17.8 417 54 10
4.9 - 1.0 - 3.4 — 2.4 - 5.3 2.1 17.0 418 46 20
7.1 - 1.0 - 3.8 - 2.8 -10.8 7.6 17.5 407 51 19
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57
57
58
59
59
60
60
64
65
68
69
70
72

Summary of the parameters analyzed for the non-inteasifying systems at the LF

STORM
NAME

Debbie
Esther
Ella
Arlene
Irene
TS #1
Florence
TS #1
TS #1
Gladys
Jenny
Alma
Agnes

Average

TABLE 10

=42 time period

— - _ - - o —
Y200 Ys00 Ysso  Yaso0Usoo  Vsso~Uago GﬁBE"T Teso HBypp IP NEXT 24 HOUR
200 WIND SPEED

CHANGE
11.2 2.0 - 2.6 - 4.6 - 13.8 8.3 18.3 406 19 0
7.4 2.1 - 2.7 - 4.8 - 10.1 5.0 18.6 404 51 20
8.5 -5.3 -9.8 - 4.5 -~ 18.3 8.1 17.1 422 4 0
11.0 - 3.0 - 5.8 - 2.8 - 16.8 4.2 15.5 353 52 15
9.7 4.7 -1.7 ~ 6.4 - 11.4 8.3 16.6 416 59 10
-0.6 -4.2 -2.9 + 1.3 - 2.3 0.3 17.7 406 128 0
12.9 - 1.5 - 5.3 - 3.8 - 18.2 16.5 13.6 323 -88 -5
32.4 8.6 ~ 2.6 - 11.2 - 35.0 29.1 15.5 301 ~102 0
18.2 7.4 3.6 - 3.8 - 14.6 21.0 18.0 331 -2 10
13.1 1.2 - 7.5 - 8.7 - 20.6 13.0 14.6 344 -8 0
28.4 6.5 - 1.7 - 8.2 - 30.1 28.0 14.4 356 -93 0
28.7 2.2 -9.1 - 11.3 - 37.8 26.0 15.0 343 -55 -5
15.5 - 3.5  -10.6 - 7.1 - 26.1 15.4 16.5 374 -19 -10
15.1 1.3 - 4.5 - 5.8 - 19.6 15.1 16.3 368 -15 3

8L
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YR

73
75
78
78
79
75
79

TR wn i

Summary of the parameters analy
‘ for a period

U

TABLE 11

S;:be“ DATE  Uyg  Usgy Ugsg Ves0™Us00  Yss50 200
Delia 4 Sep 12.2 3.7 -5.6  -1.9 -17.8
DEP #9 28 Jul 10.1 3.6 1.0 2.6 - 9.1
Amelia 30 Jul +0.6 -1.7 1.2 . 2.9 0.6
Debra 28 Aug 11.4 3.4 -2.4  -s5.8 -13.8
Bob 10 Jul  12.2 3.6 -0.2  -3.8 -12.4
Frederic 12 Sep 8.3 -5.4 -7.3 ~1.9 -15.6
Henri 16 Sep 11.4 2.2  =%.0 -8.2 =17.4
Average 9.5 0.3 -=2.7 -3.6 -12.2

zed for the independent intensifying syctems
approximately 24 hours prior to landfall

o - -
QﬁpELT T850 HZOO
200
10.7 17.7 422 11
9.7 17.3 370 15
3.3 18.8 397 86
13.7 19.6 424 6
10.3  17.9 400 27
9.7 16.8 433 17
5.7 15.9 475 39
9.0 17.7 417 29

NEXT 24 HOUR
WINP SPEED
CHANGE

10
20
25
30
25

6.



YR

73
78
79
79
79

Summary of the parameters analyz
for a period approx

TABLE 12

ed for the independent intensifying systems
imately 48 hours prier to landfali

- - - - - - o - - NEXT 24 HOUR
?ﬁ,ﬁ’ PATE U0 Useo  Ussp Ugsp~Uspg UgseUz00 6BELT Ty W, I WIND SPEED
¢ UZOO CHANGE

Delia 3 Sep 10.1 4.7 -7.% ~2.9 ~17.7 9.0 17.3 426 13 20
Debra 77 Aug 4.6 1.8 -2.8 -4.% - 7.4 4.0 18.5 428 38 0
Bob g Jul 16.4 -0.2 2.0 2.2 ~14.4 16.3 17.8 427 40 15
Frederic 11 Sep 13.2 -3.8 -4.8 -1.0 -18.0 12.0 16.4 414 -7 25
Henri 15 Sep 8.2 3.6 -1.6 -5.2 - 9.8 4.7 16.7 451 63 15
Average 10.5 -0.7 -3.0 -2.3 -13.5 9.2 17.3 429 29 1%

——
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TABLE 13

Summary of the parameters analyzed for the independent non-intensifying svstems
for a period approximately 24 hours prior to landfall

- NEXT 24 HOUR

o
YR STORM  DATE Upoo Usoo Usso UssoUso0 UssoVzo0 OPEMT Taso B IF WIND SPEED
__ '200 CHANGE
68 DEP! 4 Jul 144 4.2 0.7 ~4.9 -15.1 10.3 14.6 342 39 0
68 DEP 27 Aug 15.6 4.9 i.c  -3.9 -14.6 12.7 16.4 308 80 0
69 DEP 20 Sep 20.0 5.3 -3.6 -8.9 -23.6 17.7 15.6 346 -76 0
69 DEP 30 Sep 13.6 -1.8 -6.2 -4.4 -19.8 11.3 16.2 292 -60 0
71 DEP 7 Aug 4.9 -0.6 0.6 +1.2 - 4.3 - 0.7 15.8 384 24 0
71 DEP 31 Aug 10.8 1.0 -2.9 -3.9 -13.7 8.0 15.8 390 -30 0
71 DEP 13 oct 34.0 1l.4 2.4 -9.0 -31.6 31.3  14.1 193 -192 0
73 DEP 10 Sep 18.0 4.2 -0.9 -5.1 -18.9 16.7 17.1 452 -5 0
74 DEP #5 17 Ju1 -5.1 -4.2 -1.1  +3.1 4.0 - 3.0 17.8 349 77 0
74 DEP #12 25 Aug 9.2 4.6 -4.1  +0.5 -13.3 8.0 16.6 364 —24 )
74 DEP #20 26 Sep 33.4 14.4 2.9 -11.5 -30.5 32.3  13.9 277 ~-175 0
75 DEP #9 28 Jul 10.1 3.6 1.6 -2.6 - 9.1 9.7 17.3 370 5 0
75 DEP #22 15 Oct  15.8 5.1 =1.7 -6.8 -17.5 12.0 16.2 296 -31 0
76 DEP #14 6 Sep 10.6 -1.9 -3.7 -1.8 -14.3 9.3 15.7 258 77 0
76 DEF #17 23 Sep 30.9 13.1 4.2 -8.9 -26.7 29.0 13.5 261 -—176 0
77 DEP #2 13 Jun  15.0 3.6 1.1 -2.5 -13.9 12.3 18.7 339 64 0
77 DEP #3 18 Jul 5.9 -5.3 -6.0 -0.7 -13i.9 8.0 16.7 410 20 0
77 DEP #19 24 Oct 32.6 10.1 -1.9 -12.0 -34.5 30.3 13.2 142 -209 0
78 DEP #5 21 Jun 10.9 -0.9  -1.4 -0.5 -12.3 8.3 15.7 347 27 0
78 DEP #9 9 Aug 11.9 1.9 -1.3 -3.2 -13.2 9.0 16.3 372 =55 0
78 DEP #18 9 Sep 15.4 2.7 -1.8 -4.5 -17.2 16.3 16.9 414 =20 0
79 Claudette 24 Jul  11.3 3.4 =4.0 -7.4 -15.3 7.7 19.4 493 51 10
79 Elena 31 Aug 10.9 4.0 =2.6 -6.6 -13.5 9.0 18.3 404 -7 0
79 Henri 23 Sep 20.2 7.6 3.0 ~4.6 -17.2 14.3  15.4 379 28 0
Average 15.4 3.4 -1.2  -4.6 -16.6 13.3  16.1 341 42 0.4

IDEP represents a storm in the dapression stage (max wind < 34 knots). Prior to 1974, depressions were
"ot numbered. :
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TABLE 14

Summary of the parameters analyzed for the independent non-intensifying systems *
for a period approximately 48 hours prior to landfall

REXT 24 HOUR

. 1 o O
I0RM  DATE TUpgo Useo  Usso Usso Ys00 Usso U200 EFELT Tgsg Fpgo ¥ WIND SPEED
; - 200 CHANGE
68 DEP! 26 Aug  10.7 -0.1 -0.9 - 0.8 -11.6 7.0 17.1 377 -10 0
69 DEP 19 Sep 11.2 1.3 -7.4 - 6.1 -18.6 8.0 16.6 396 0 0
71 DEP 30 Aug  10.0 -1.1 =-2.1 - 1.0 -12.1 5.0 16.5 394 -17 0
71 DEP 12 0ct 27.0 7.5 ~-1.4 - 8.8 _28.4 247 14.1 231 -149 0
73 DEP 9 sep 15.9 1.1 -4.1 - 5.2 -20.0 9.2 17.6 469 24 0 -
74 DEP #5 16 Jul 0.6 -1.9 -2.8 = 0.9 - 3.4 2.0 17.7 366 55 0 R
74 DEP #12 24 Aug 3.9 <—4.8 ~-3.9  +0.9 - 7.8 2.7 16.3 38 11 0
74 DEP #20 25 Sep 19.3 15.1 -1.0  -16.1 -20.3  13.0 15.8 392 -49 0
75 DEP #22 14 Oct 11.2 <-2.6 -5.9 - 3.3 7.1 10.3 15.3 337 -6 0
76 DEP #14 5 Sep 13.4 2.1 0.3 - 2.4 -13.7  11.7 15.8 297 64 0 29
76 DEP #17 22 Sep 32,8 12.0 1.7  -10.3 3.1 33.7 13.3 251 -2i9 0 2
78 DEP #19 8 Sep 15.6 4.2 -3.6 - 7.8 -19.2  15.7 16.6 393 -43 0 éi?.
.79 Claudette 23 Jul 10.6 <-1.7 -3.6 = 1.9 -14.2 9.3 18.2 446 42 5 Z
“79 Elena 30 Aug 15.6 2.4 1.8 - 4.2 -17.4 9.0 18.1 409 -12 10 SF
79 Hewri 22 Sep 19.1 9.1 3,2 - 5.9 -15.9  13.7 15.6 412 -1 0 o3
| B
Average 14.5 2.7 -2.3 - 4.9 -16.7  11.7 16.3 371 =29 1 da

IDEP represents a storm in the depression stage (max wind < 34 kts). Prior to 1974 the depressions were

not numbered.
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APPENDIX B

COMPUTATIONAL PROCEDURES FOR THE INTENSITY CHANGE FORECASTING PARAMETER

The computation of the intensity change parameter (IP) has been
designed so that it could be performed quickly and with data available
at any weather station. It uses the standard isobaric 850, 500, and
200 mb charts which are available twice daily. With only a minimum of
practice the IP could be computed in less than 15 minutes using the

following guidelines:

1. Locate the storm center on the 850, 500 and 200 mb charts
based on the position given by the Miami Hurricaije bulletin
(or the bulletin issued by JIWC) for a particulal time period.

2. Using a compass mark off the 6, 8, and 10° radial belts on the
north side of the storm.

3. Subdivide these radial belts intc the 45° octants 8, 1 and 2
as in Fig. 2. For storms affecting the eastern U.S., China,
Korea or Japan use octants 1, 2 and 3.

4. Compute average values of tge parameters Tgsq, Hogg, U859’
Usgp and Uzgg over the 5-11° belt over octants 8, 1 and 2
(or 1, 2 and 3) by:

a. Obtgin an average vglue in each octant for each of the
=77, 7-97 and 9-11° radial belts.

b. Average the values from each octant in each radial belt to
get three belt averages.

e. Average these three belt averaggs together and the resul~
tant number represents the 5-11° belt average over the
desired octant,

A quick streamline analysis may have to be done to make it easier to

resolve the zonal wind components. When the wind components have been
-1

determined in knots, divide by 2 to get the wind speed inm s ~. It is

helpful to use a table such as those found in Appendix A to keep track

of all parameters.

5. Calculate the 850 to 500 mb and 850 to 200 mb wind shears from
the table. ‘ ‘ ,
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6. Using either the graph in Fig. 45 or 46 plot each of the final
parameters on the appropriate scale and read off the value frum
the bottom of the graph. Addition of these five numbers yields
the intensity change parameter (IP).

Further refinements can be made in the Atlantic basin based on

the séasonal variations described in section 4.2. The adjustments to be
made to IP are given in Table 15. After all computations and adjustments

have beer made, if IP > 0 we should expect an intensifying system.

Negative values would represent a filling or steady storm.

TABLE 15

Correction factors to be applied to IP based on seasonal variation.

Apply the appropriate correction based on date of occurrence of the
ecyclone system.

v TJONTIJUNT JUL T JULTAUG | AUG | SEP | SEP | OCT | OCT
TIME PERIOD} 53| 1-15 | 16-30| 1-15 |i6-31 | 115 |16-31] 1-15 |16-30]1-15 |i5-3I

ADJUSTMENTI, g6 {50 |+20 | -10|-30 |-50|-50|-30|-I0 [+20]+50
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Computation graph for IP in the Atlantic basin.
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APPENDIX C

DESCRIPTION OF COMPOSITE DATA SETS

Dropco Intensifying: Tropical storms and hurricanes which either form-

ed o moved into the Gulf of Mexico and showed significant intensifica-

tion (wind speed change >20 kts in 24 hours) prior to landfall along

the U.S. gulf coast. The data came from the official best track posi-

tion of the National Hurricane Center for the years 1957-1977 and in-

clude 22 cases. The stratification was based primarily on wind speed

change and central pressure when available. The composite was run for

two time periods: 42 hours prior to landfall with average latitude = !
23.3°N, longitude = 88.4°W and 18 hours prior to landfall with latitude

= 25,1°N, longitude = 90.7°.

Dropco Non-intensifying: Tropical storms and hurricanes which either

formed or moved into the Gulf of Mexico and showed little or no ten-
dency for intensification prior to landfall., The data were selected
from the best track position of the National Hurricane Center for the
years 1957~1977 and include 13 cases. The stratification was made as
in the intensifying case and was also run for two time pariods: 42
hours prior to landfall with latitude = 23.8°N, longitude = 84,7°W and

18 hours prior to landfall with latitude = 25.4°N, longitude = 88.0°W.

Holliday (1979) rapidly Deepening: Storms from the Northwest Pacific

, . -1
for the years 1961-1970 where 24 hour deepening rate was > 42 mb day 7,

13

The data were stratified into three periods: 24 hpurs prior to the onset

of rapid deepening, the period at onset, and 24 hours after the onset ;

of deepening.
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Bill Frank (1976) Pacific Data Sets: These data sets were made from

ten years (1961-1970) of Northwest Pacific rawinsonde data., The data

were stratified by both latitude and tendency in the following manner:

Type I PL < 980 mb

Type 11 980 mb < P < 1000 mb

Type IIL Pc > 1000 mb

Type A Storm which at some point reaches Pc < 970 wh

Type A Early Same as Type A but 980 mb < P, < 1000 mb and in a
deepening trend towards a typhoon.

Type B Storm with 980 mb < Pc < 1000 mb but Pc never drops
below 980 mb. '

1P represents central pressure of the storm.

c

Bill Frank (1976) West Indies Data Sets: These data sets were made

from 14 years (1961-1974) of western Atlantic rawinsonde data. The
data were stratified by latituds and filling or deepening tendencies as

taken from the best track positions of the National Hurricane Center.

Zehr (1976),DeveloPinngrade;Wind Clusters: Pre-typhoon disturbances

found in the trade wind belt taken from the time they were first identi~
fied as cloud clusters until they attained an intensity with maximum
sustained winds of 50 knots. The data were taken from the central and

western North Pacific during the ten year period 1961-1970.
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Zehr (1976) Stage O Non-developing Cluster: Non-developing cloud clus-

ters in the central and western Pacific for the period 1967-1968. The

clusters were found in the region from the equator to 18°N and 125°E to

160°W,
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