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ABSTRACT

Ten years of rawinsonde data for 30 stations in the
Western North Pacific have been compsited relative to
tropical cyclone center positions. This information is
used to study tropical cyclone motion and surrounding
parameter relationships. Tropical cyclone motion and
lower troposphere surrounding actual and geostrophic
flow fields from 1-70 radius are very well correlated.
This general correlation of surrounding flow features
applies equally well for cyclones with different direc-
tions of motion, speeds of propagation, intensities, or
intensity changes. The 700 mb level best specifies
cyclone speed. The 500 mb best specifies direction. It
is suggested that an operational short range forecasting
scheme could be developed using the wind-height relation-
ships presented in this paper.

This composite data set has also been used to study
prior (12 tc 72 hours) differences in surrounding environ-
mental fields between tropical cyclones which recurved
and those which did not. Basic differences out to 21°
radius in the wind, height, and temperature fields between
these separate classes of storms are presented. A strong
recurvature correlation is found in the 200 mb wind and
height fields at large radii. It is suggested that an
operational long-range (2-3 days) tropical cyclone fore-
cast recurvature scheme can be developed using upper
tropospheric data.
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PART I

TROPICAL CYCLONE MOTION AND SURROUNDING WIND-HEIGHT RELATIONSHIPS



1. TINTRODUCTION

One of the most challenging problems in tropical meteorology is that
of forecasting the movement of tropical cyclones.l The relation of tro-
pical cyclone movement to its surrounding flow has been previously exam-
ined by a number of meteorologists, but their data sources have usually
been limited. The exact relation of cyclone movement to the surrounding
flow has yet to be quantitatively established. Because tropical cyclones
can be so devastating, it is important to try to better understand their
movement so that improved forecasts can be made. With all the concentra-
ted research and sophisticated forecasting techniques, the 24-hour pre-
diction error of the National Hurricane Center (Atlantic) and the Joint
Typhoon Warning Center (Pacific) remains at 100-125 nautical miles (nm).
48 and 72 hour vector forecast errors are approximately 250 and 375 nm,
respectively. Because the 24-hour forecast is the most critical in terms
of lives and dollars, it is imperative that more research be attempted
to improve this forecast. This may be possible by a more thorough quan-
titative investigation of cyclone motion and environment parameter rela-

tionships. This has been the purpose for this research.

1Throughout this paper tropical cyclone refers to all tropical
storms regardless of their standard classification of typhoon, hurricane
or tropical storm. Cyclone or storm motion is defined as the movement
of the tropical cyclone center of circulation.



2. BACKGROUND

Tropical cyclone prediction methods can be classified in four
categories. These are:
1) steering flow track prediction,
2) statistical track prediction,
3) numerical track prediction, and
4) climatology-persistence track prediction.
The steering concept hypothesizes that tropical cyclones are vortices
embedded in the basic environmental flow, and thus, should move with the
so called "steering current". This is an established forecasting con-
cept. The statistical forecast approach numerically screens various
meteorological parameters for motion related correlations and then uses
these correlations to develop regression prediction equations. The
numerical method uses primitive equation model prediction of the large-
scale flow surrounding the cyclone and more recently a crude simulation
of storm structure to dictate its future track. Climatology and/or
persistence of storm track relies upon empirical relationships related
to the cyclone tracks of previous storms.
Table 1 lists the past 30 years' major contributions to the field

of tropical cyclone motion forecasting. The type of cyclone prediction

method is listed along with the primary pressure levels employed.

2.1 Steering Flow Track Prediction

From earlier work, the steering concept evolved because it was seen
that tropical cyclones do respond to the environmental flow in which
they are embedded. Riehl and Shafer (1944) related the movement of hur-
ricanes to the middle level (i.e., 700 and 500 mb) wind and height fields,
especially the changes in height of the base of the polar westerlies.

Simpson (1946) deduced that the best steering level of a tropical storm

3



TABLE 1

SUMMARY OF PAPERS ON TROPICAL CYCLONE TRACK FORECASTING

Author(s) /Year Type of Prediction Primary Levels Used
Method/Concept

Riehl and Shafer (1944) Steering 700, 500mb

Simpson (1946) Steering Top of vortical circ.

Riehl and Burgner (1950) Steering Sfc. to 300mb

Gentry (1951) Steering Top of vortical circ.

E. Jordan (1952) Steering Sfc. to 300mb

Coldén (1953) Climatology -

Riehl et al. (1956) Steering/Statistical  500mb

L. Hubert (1956) Numerical 500mb

W. Hubert (1957) Numerical 500mb

Kasahara (1957) Numerical 500mb

Miller (1958) Steering 500-200mb

Veigas et al. (1959) Statistical/ Sfe.
Climatology

Miller and Moore (1960) Steering/Statistical 700, 500, 300mb

Wang (1960) Statistical 700mb

Birchfield (1960) Numerical Sfc. 1000, 700, 500

200mb

Veigas (1961) Statistical Sfc., 500mb

Arakawa (1961) Statistical/ Sfec., 700mb
Climatology

Vanderman (1962) Numerical 850, 700, 500, 300mb

Tse (1966) Steering 700mb

Miller and Chase (1966) Statistical Sfe., 700, 500mb

Miller et al. (1968) Statistical Sfec., 1000, 700,

500mb



TABLE 1 (cont.)

Author(s) /Year Type of Prediction Primary Levels Used
Method/Concept

Sanders and Burpee (1968) Numerical Sfc.-100mb

Renard (1968) Steering/Numerical 700mb

Hope and Neumann (1970) Climatology -

Jarrel and Somervell Climatology -

(1970)

Chin (1970) Steering 700, 500mb

Hope and Neumann (1970) Climatology -

Neumann et al. (1972) Statistical/ Sfc., 1000, 700,
Climatology 500mb

Neumann (1972) Climatology -

Renard (1973) Steering 700 mb

Neumann and Lawrence Statistical/ 1000, 700, 500mb

(1973)

Climatology



is determined by the height to which the storm's vortical circulation
extends. He also formulated the idea that a tongue of warmer lighter
air is oriented along the axis of the storm and thus gives indication
of the storm’s ensuing 24-hour motion. Later, Riehl and Burgner (1950)
examined the relation between the motion of tropical cyclones and the
steering current quantitatively. They defined the steering current as a
zonal belt of 5° wide extending 2%0 north and south and 45° east and
west of the storm center and vertically from sea level to 300 mb. Gentry
(1951) discussed how the Cedar Keys hurricane could have been best fore-
cast by the use of the "steering level" winds at the top of the storm.
Sherman (1950) stated that the steering current accounted for only a
little more than half of the variability in the movement of hurricanes.
From a limited data set, E. Jordan (1952) deduced that hurricanes move
with a steering current from the surface to 300 mb extending over 8°
latitude in width centered on the storm.

The most comprehensive study of this type was accomplished by
Miller (1958a). His data indicated that the best cyclone steering level
was from 500 mb to 200 mb integrated over a doughnut-shaped ring 2-6°
from the center of the storm. Except in the upper layers, the storm
motion was found to be faster than the mean environmental flow and, for
most cases, the storms moved to the right of the mean flow. 1In another
paper, Miller (1958b) presented a mean composite of the three-dimensional
wind structure around a tropical cyclone. Miller and Moore (1960) further
looked for steering levels by computing geostrophic components around
tropical cyclones at the 700, 500, and 300 mb levels. The components
were then compared with the subsequent 24-hour motion. The 700 and 500

mb charts appeared to indicate cyclone motion with equal merit.



Tse (1966) looked to the 700 mb chart for height values at 10° radius
north, east, south, and west of the cyclone center for predictors of the
next 24~hour movement. Chin (1970) showed that the wind at 700 and 500
mb and 4-6° radius to the right of storm movement is often a good indi-
cator of steering. Renard (1973) developed an objective cyclone forecast
scheme from a sample of North Atlantic storms. This study attempted to
relate the cyclone center motion with surrounding geostrophic winds de-
rived from heavily smocothed isobaric height fields. The 700 mb level was
established as the optimum steering level, but a fully operational test
in 1971 suggested that the 850 mb level was better for forecast intervals
beyond 36 hours.

Summary. As described above, the past efforts of the steering method
for tropical cyclone track prediction vary in their approaches. Differ-
ent levels were found as the optimum for steering by the various research-
ers. Most of these studies lacked sufficient data for precise quantita-
tive specification of the surrounding flow. Past data samples were
usually small, and in some studies single storm samples were employed.
Thus, there presently is no agreement on the "steering flow'" or level,
although the majority of the steering method schemes use lower and middle

level data (surface - 500 mb).

2.2 Statistical Track Prediction

The statistical approach to the forecasting of tropical storms came
naturally as an off-shoot of the steering concept, in that certain para-
meters were compared quantitatively to the storm motion. Riehl, et al.
(1956) developed one of the earlier objective schemes which gave re-

gression equations and a prediction diagram for forecasting purposes.



They assumed that hurricanes moved with the general flow, and the E-W
and N-S components of geostrophic 500 mb flow over a 15° square were
statistically related with the E-W and N-S storm displacements. This
scheme appeared to improve the forecasts slightly at that time. Veigas,
et al.(1959) developed an objective scheme based on motion statistics.
The resultant regression equations used the present and past 24-hour
positions of the storm and selected surface pressures as predictors.
Wang (1960) developed a similar technique in the Pacific. He used the
contour heights as selected points at the 700 mb level and the intensity
and orientation of the major axis of the subtropical high cell as pre-
dictors. Both of these new schemes were found to be of practical value.
Veigas (1961, 1962) expanded on his earlier work and included the sur-
face and 500 mb pressure heights to develop a new set of prediction
equations. Arakawa (1961, 1963) developed a scheme similar to Veigas'
(1959) and concluded that the subsequent location of a typhoon can be
better predicted without attempting to include persistence explicitly in
the regression formula. The 700 mb height values were used as the pri-
mary predictors.

Miller and Chase (1966) developed a complex statistical objective
scheme known as NHC-64 (National Hurricane Center 1964). This scheme
incorporated a set of prediction equations which had the best features
of the earlier techniques. The predictors used included the sea level
pressure, 700 mb height, 500 mb height, 1000-700 mb thickness, 700-500
mb thickness, 500 mb height change, geostrophic wind components and past
12-hour movement. The accuracy of NHC-64 forecasts compared favorably
with that of the official forecast for the sample cases. Miller et al.

(1968) continued this work and revised the NHC-64 scheme with the



addition of more predictors. The new scheme was labeled NHC-67 and
added the following predictors: u and v components at 1000, 700, and
500 mb. The NHC-67 was slightly superior to the NHC-64 technique.
Neumann, et al. (1972b) expanded this statistical approach by combining
the NHC~67 method with climatology and persistence to produce the NHC-72
scheme. In essence, NHC-72 combines synoptic and empirical data to

make one forecast. An additional statistical model was developed by
Neumann and Lawrence (1973) which used similar predictors as the NHC-72
scheme, but included regression techniques with the 'perfect-prog' con-
cept to introduce numerically forecast upper—air data into the prediction
equations. Today, the NHC-67 and NHC-72 schemes are run on an opera-
tional basis by the hurricane specialists at the National Hurricane
Center in Miami. Overall, the NHC-72 model seems to give a better fore-
cast than the NHC-67. No synoptic/empirical technique of this type

has been developed to this date in the western North Pacific.

Summary. The statistical schemes have aided the state-of-the-art
forecasting of tropical cyclones. Different parameters or combinations
of parameters are used as predictors. Again, technique accuracy is
limited by the data set used in their development. Except for Bermuda,
western Atlantic rawinsonde data is non-existent. Not many storms per

year pass through the more dense West Indies network.

2.3 Numerical Track Prediction

Earlier work with predicting storm motion with numerical models
had little success (L. Hubert, 1956, 1959; W. Hubert, 1957; Kasahara,
1957; Birchfield, 1960; Vanderman, 1962). The results of all these
numerical schemes compared very unfavorably with the official forecast

based on existing schemes. This, of course, must be attributed to both
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the inadequacy of the physical models used and the input data which was
usually quite deficient. Sanders and Burpee (1968) developed a baro-
tropic hurricane track forecasting numerical model. The barotropic
prediction model was applied in a way such that it used the information
available to describe the character of tropical circulations. It was
thought that this concept could improve the current state-of-the-art
forecast from 24-72 hours in regions of relatively dense rawinsonde data
coverage. The initial tests of the barotropic track forecasts were en-
couraging. Sanders (1970) discussed the major hypothesis of barotropic
track forecasting. He stated that the motion of a tropical cyclone is
governed principally by advection of mean vorticity in the air column
containing the storm, which is taken to be the entire tropical tropo-
sphere from 1000 to 100 mb. Tests on past hurricanes indicated a sub-
stantial improvement on extended forecasts. Operationally, Sander's
schene (SANBAR) does provide significant improved forecasts at the

48 and 72 hour forecast periods. Renard (1968, 1969) developed a nu-
merical scheme for the U.S. Navy which uses a numerically derived fore-
cast steering current and its bias. The 700 mb level of steering was
found to give best results. The National Hurricane Center (Miller,:

et al. 1972) and the NOAA research group under the direction of J.
Hovermale in Washington D.C., are currently developing baroclinic P.E.
models for track prediction. Initial indications are that these new
numerical models will be much superior to all previous numerical schemes.
In fact, it is hypothesized that these new models will not only improve
the track prediction at all time periods but also predict storm pre-

cipitation.
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Summary. Except for the current barotropic model now being used,
previous numerical models have had little success in predicting tropical
cyclone motion. This can be attributed to the combined inadequacy of
the physical models and the input data, which is usually sparse. Dia-
batic processes and cumulus interaction are not well handled by any
numerical model. Although extensive research is now being carried out
on baroclinic prediction models, significant improvement in track pre-
dictions by these methods is not likely to occur until the basic phy-
sical processes between the tropical cyclone and its environment are

observationally delineated.

2.4 Climatology-Persistence Track Prediction

Climatology and persistence methods have greatly aided in cyclone
forecasting. Colén (1953) performed an extensive study of the clima-
tology of hurricanes in the Caribbean-West Indies region. His study,
based on data from 1887-1950 showed annual and monthly motion frequen-
cies, probabilities of movement, regions of formation, and directioms
and speeds of motion. This massive climatology greatly aided the tro-
pical storm forecaster. Hope and Neumann (1971) expanded on this or-
iginal work with the use of the computer.

Bope and Neumann (1970) also developed an ingeneous objective
motion scheme known as HURRAN. The HURRAN, which stands for hurricane
analog, is a technique for selecting analogs for an existing tropical
storm from past tracks of all Atlantic tropical storms since 1886.
Those that have designated characteristics of latitude, longitude, date,
intensity, motion, etc. similar to an existing storm are selected and

identified as to give possible insight in predicting the current storm's
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future track. Jarrell and Somervell (1970) developed a similar scheme
for the Pacific Ocean. Neumann (1972) developed yet another scheme
called CLIPPER, based on climatology and persistence. It reduces the
shortcomings of the HURRAN system by providing forecasting guidance
when insufficient analogs are available. The CLIPPER model uses a series
of regression equations fitted to essentially the same predictors used
in the analog sense by HURRAN. Thus, climatology and persistence are
used extensively in tropical storm prediction. The HURRAN and CLIPPER
models are run routinely on an operationmal basis at the National Hur-
ricane Center, while the analog approach is used extensively for initial
guidance at the Joint Typhoon Warning Center.

Summary. Climatology and persistence techniques aid the forecaster
in track prediction for "typical" storms for the earlier part of the
forecast period. Typical refers to well-behaved storms that move in an
expected continuous track with little deviation. Storms with erratic
or sudden changes in their tracks are handled poorly with the climatolo-

gical approach.



3. OVERVIEW

Cornbining all schemes and systems, it can be stated that no one
objective technique is superior at all times to another. As can be de-
duced from the above discussion, there is no agreement on a specific
outer steering current or level, although the majority of the schemes
use lower tropospheric data. Some schemes work well for one storm, but
poorly for another. The final forecast at the National Hurricane Center
(Atlantic) and the Joint Typhoon Warning Center (Pacific) is a result of
subjective modification of the multiple objective schemes. Although
there has been improvement in the 48 to 72 hour forecast time frame,
significant improvement of the 24-36 hour forecast has remained diffi-
cult to accomplish. This must be attributed to a basic lack of knowledge
of the cyclone in its relation to its immediate environment and perhaps
more importantly to the accuracy of measuring this environment.

With the recent availability of massive computer tape data storage,
these data limitations can now be partially overcome. This study is so
directed. It employs ten years of rawinsonde data around tropical cy-
clones in the western North Pacific. Approximately 20,000 soundings
are available for this composite study. The mean composite surrounding
winds are examined in relation to the cyclone motion. This is done at
all levels in the atmosphere as well as for various radial distances
from the cyclone center. Another unique feature of this study is that
the data set is broken down into a group of sub-sets or stratifications
based on certain characteristics of the cyclones. This is done on the
hypothesis that if, indeed, there are certain steering relationships
between the cyclone motion and the surrounding wind flow, then these

relationships should be consistent regardless of different storm

13
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characteristics such as speed, direction of movement, intensity, etc.
Using the above mentioned data and the stratification approach, this
composite study does indeed describe consistent relationships between
the cyclone motion and the surrounding flow. It is concluded that new
operational forecast schemes might be developed using the findings of

this study and some improvement in track forecasting possibly obtained.



4, DATA SET AND COMPOSITE ANALYSIS

4,1 Compositing Philosophy

The merit and requirement of rawinsonde compositing has been
discussed previously by Williams and Gray (1973) and Ruprecht and Gray
(1974). Basically, at one time period there are simply too few rawin-
sonde stations in proximity to a tropical cyclone to give enough data
for a reasonable accurate surrounding analysis. This is true for all
cyclone regions except possibly within the West Indies network. In the
western North Pacific there is one region where many typhoons traverse
that no rawinsonde station is available within a 600 nm radius circle.
The surrounding observations that are available at regular time inter-
vals are often not representative of the inner cyclone circulation. By
compositing the rawinsondes from many cyclones with similar character-
istics over many parts of the ocean, many of the data limitations can
be overcome and the basic physical processes and relationships involved

with the tropical storm better understood.

4,2 Data Composite Technique

The data used in this composite study comes from ten years of rawin-
sonde reports (1961-1970) in the western North Pacific. Fig. 1 shows the
locations of the 30 stations available for that period. The western
North Pacific has approximately 20 well developed tropical cyclones per
year within the rawinsonde network (Gray, 1971). Thus, over this ten year
period there are approximately 200 cyclones on which this data sample is
based. If each storm has approximately 6 days or 12 time periods of observa-
tions and 8 rawinsonde stations surrounding it each time period (within 25°
radius), then over a 10 year period approximately: 10 (yr) x 20 (storms

per year) x V12 (time periods for each storm) x 8 (stations available

15
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for each time period) = ~ 20,000 rawinsonde reports are available for the
entire data set. Within 15° radius there are about 9,000 reports avail~-
able around the storms as shown in Figure 2. The Appendix lists the
number of rawinsonde reports which are contained in each octant of each
radial band for each storm stratification. As can be seen for the com-

plete data set, the azimuthal distribution of rawinsonde reports is

quite symmetrical at radii greater than li, and the number of rawinsonde

reports in each outer averaging area is quite large.

A 15° circular radius grid is used for the compositing ~ see Figure
2. Each sounding for each storm is recorded by latitude and longitude
for each time period. Each sounding's position relative to the cyclone
center (center of the grid) is then determined in cylindrical coordinates.
All of the parameters to be composited, whether directly measured or
computed from the directly measured parameters, are determined at the
station locations at 19 levels from the surface to 50 mb. Certain cor-
rections in the relative positions of the balloon to the storm center
are made. These are discussed later.

The cylindrical grid consists of 8 equal octants of 45° tangential
extent and 8 radial bands extending from 0—10, 1-30, 3~50, 5-77, 7-9°,
9-110, 11-130, and 13-15°. These divide the grid into 64 spaces of
various sizes. After all parameters have been measured or computed for
each sounding, the value of each parameter is assigned to a point at the
geometrical center of the individﬁal grid space in which it falls. All
soundings falling in that grid space for the particular group of storms
and time periods being analyzed are then averaged or composited.

To obtain the best possible wind values, it is necessary to correct

the positions of both the moving storm and the ascending balloon at each
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NORTH,
OR
STORM DIRECTION

OCTANT NO. |

Figure 2. Compositing grid (15° latitude radius) with the number of
rawinsonde reports in each octant and each 2~ radial band
for the combined data set,
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level of balloon ascent. This is done in the following manner. The
initial position of the storm is moved back along its motion vector a
distance equal to 30 minutes travel according to its previous 12-hour
mean speed and direction of motion. This approximately corrects the
storm position to its location at actual balloon release time as esti-
mated from individual sounding reports. A mean balloon ascent rate of
5 m/sec is assumed, and a mean ascent time to each of the upper pres-
sure levels is computed. The position of the storm changes along its
motion wvector at each level according to the assumed balloon ascent
time to that level.

Using the same computed ascent times, the position of the balloon
is changed at each level. For each ascent interval mean u and v wind

components are computed and the balloon position is corrected by:

AX,
.

L]
]
>
re

AY, = v At,
i i

Therefore, the balloon position for each sounding changes at each level

according to the observed winds.

4.3 Data Portrayal

The above rawinsonde information is portrayed in a cylindrical
coordinate system relative to the cyclone centers. Four separate ref-
erence frames can be used. They are:

a) with respect to the instantaneously fixed cyclone center in a
N-S or geographical coordinate system,

b) with respect to the cyclone center in a geographical coor-
dinate system with the cyclone motion subtracted out of all the
winds - (portrayal of data relative to the moving cyclone center
in geographical coordinates),
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¢) with respect to the instantaneously fixed cycloné center and
the direction to which the storm is moving, and

d) with respect to the cyclone center and the direction to which
the storm is moving with the cyclone motion subtracted out of
all the winds - (portrayal of data relative to the cyclone cen-
ter in a reference frame aligned according to the direction
toward which the storm is moving).

This study employed the latter two compositing frames.
Information is portrayed at the following pressure levels: the
surface, 1000, 950, 900, 850, 800, 700, 600, 500, 400, 300, 250, 200,

150, 100, 80, 70, 60, and 50 millibars.

4.4 Parameters Composited
The following parameters are measured or computed at each level in

each coordinate system for each sounding:

Wind Parameters Thermodynamic Parameters
u (zonal wind) H (height)
v (meridional wind) T (temperature)

vg (tangential wind)
V (total wind)

The above parameters are composited at each of the 64 grid spaces at
each level. As stated previously, the number of soundings in each grid
space for the data composites discussed in this paper is shown in the

Appendix.

4.5 Storm Motion Analysis Coordinate System

From the basic coordinate systems above the following storm motion
coordinate system was devised for this study. The grid is rotated to
the direction of the cyclone motion, so that in the compositing tech-
nique the cyclone motion is always at a zero or a 360° heading as shown
in Figure 3. From the data sample in the two relevant grids (stationary

and moving as ¢ and d in Section 4.3), two new environmental wind
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Figure 3. Grid used for compositing the rawinsonde data for the motion
studies. The arrow points in the direction of storm motion.

Note the 8 octants and 8 radial bands which make up the 64
grid spaces.

vectors at each of the 64 grid points are calculated. These new
vectors are defined as the wind components perpendicular (VN) and
parallel (VL) to the cyclone motion. The two compoment vectors of an
example wind vector relative to the cyclone are shown in Figure 4. From
these data samples, an analysis was performed to determine the relation-
ship between the surrounding wind flow direction and speed and the
cyclone's motion. As previously stated, the data were broken down into

a group of subsets or stratifications in order to detect differences, if
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VPARALLE L

STORM MOTION SYSTEM

MOTION COMPONENT VECTORS
VECTOR

Figure 4. Parallel and perpendicular components of a wind vector

showing their relation to the storm motion vector.

any, in the storm motion-surrounding wind relationship for different

storm characteristics. Table 2 lists the stratifications which were

made.

4.6 Definitions

To better clarify how these composites were made, the following

definitions are introduced:

a)

b)

c)

d)

ROTated coordinate system (ROT) - Stationary grid aligned along
the direction of the storm motion (coordinate grid is pointing

in the direction of the storm motion). This system depicts

the actual winds along and normal to the fixed cyclone center.

MOTion and ROTated coordinate system (MOTROT) - Same as the
ROT system of &) except the storm motion is vectorially sub-
tracted from all the actual winds. Thus, wind components are
portrayed along and normal to the moving storm position.

Vy - The wind component vector normal to the storm motion vector
in the ROT system. (Positive to the right, negative to the left
looking in the direction to which the storm is moving).

Vi, - The wind component vector parallel to the storm motion in
the ROT system. (Positive to the direction to which the storm
moves (forward), negative opposite to which the storm moves
(rear)).
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e) Vyg - Same as c) except in the MOTROT system.
f) Vig ~ Same as d) except in the MOTROT system.
g) Horizontal Radial Band - The horizontal average of the eight

octant values of the grid for a single band; i.e. the 1-3° radius
band averaged around the storm for a single level.

h) Vertical Radial Band ~ Horizontal radial bands vertically inte-
grated with respect to pressure levels; i.e. the 1-3° averaged
band integrated from 1000 mb to 100 mb, etc. for example.

i) Horizontal Multiple Radial Band - An area weighted average for
two or more horizontal radial bands; i.e. the 1-7° radius band.

j) Vertical Multiple Radial Band - Multiple radial bands integrated
with respect to pressure levels; i.e. the 1-7° area weighted
radius band integrated from 1000 mb to 100 mb.

The relation between the four component vectors, c—f above, is de-
scribed below. Figure 5 depicts the relation between the storm motion
and the two component vectors of a wind in the ROT system. Figure 6
depicts the subtraction of the storm motion vectors which gives the new
component VLR’ The normal component (VN) is not affected by the sub-
traction since the grid is always aligned along the storm motion. The
magnitude of VN and V. are thus the same. For the parallel component

NR
in the MOTROT system (VLR), the following relation holds:

VLR + SM = VL

where S, is the magnitude of the storm motion.
M g
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TABLE 2
STRATIFICATIONS
All storms with a latitude position greater than
20°N.
All storms with a latitude position less than 20°N.

Speed category for storms moving with a speed be-
tween 0 and 3 ms I,

Speed category for storms moving with a speed be-
tween 3 and 7 ms 1.

Speed category for storms moving with a speed
greater than 7 ms —.

Direction category for storms moving between 250°
and 310°.

Direction category for storms moving between 310°
and 350°.

Direction category for storms moving between 350°
and 060°,

Intensity category for storms with central pressures

between 1000 mb and 980 mb.

Intensity category for storms with central pressures

between 980 mb and 950 mb.

Intensity category for storms with a central pres-
sure less than 950 mb.

Intensity change category for storms whose central
pressures were decreasing at the time of
observation.

Intensity change category for storms whose cenftral
pressures were increasing at the time of
observation.



Figure 5.

Figure 6.
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5. MOTION COMPOSITE RESULTS

5.1 Storm Asymmetry

It has long been known that the winds around a typhoon are not
symmetrical. The right quadrant winds are typically stronger than the
left quadrant. In order to examine the asymmetry of the composited data
set, the right octant winds were compared with those of the left octant.
The results at 700 mb for storms at latitudes greater and less than 20°N
are portrayed in Figures 7 and 8, respectively. Inside 1° radius the
multiple hurricane flight data of Shea and Gray (1973) was added to the
data sample. This asymmetry is typical for the other stratifications
based on storm speed, direction, intensity, and intensity change. Cy-
clone asymmetry is greatest at the radius of maximum winds which is
located v 1/3° radius (Shea and Gray, op.cit.) from the storm center.
In examining the actual winds, it is seen that the asymmetry decreases
outward to 10-12° radius. At 1-6° radii, most of the right to left side
asymmetry is due to the storm motion as can be seen by looking at the
relative tangential winds of the right vs. left side with the cyclone
motion subtracted out. Very few differences between the right and left
side are seen in the 1-6° radial band. At greater radii, the relative
tangential winds are stronger on the left rather than the right octant.
As Shea and Gray (op.cit.) discussed, inside 1° radius a large asymmetry
still exists in the relative winds. The important consideration shown
here is that between 1-6° radius, the apparent right to left octant
asymmetry is due to the motion of the storm. It is the storm's circu-
lation imposed upon the normal environmental horizontal height gradient

which results in the asymmetry.

26
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Figure 7. 700 mb tangential wind profiles of actual and relative winds
depicting the asymmetry between the rlght and left octants
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5.2 Relative Surrounding Flow Normal and Parallel Wind Components

Figures 9 and 10 depict the mean normal wind component (VNR) for
the single bands through the atmosphere in the relative system (MOTROT)
for the two latitude stratifications. For depiction purposes, the
radial bands are indicated by a single average radius; i.e. 2 represents
the 1-3° radial band, etc. The zero line indicates that the surrounding
wind is directed only along the storm direction of motion. Positive
values indicate that the storm is moving to the left of the mean winds,
while negative values indicate a storm movement to the right of the mean
winds. At the majority of the levels it is apparent that the composite
storm is moving to the left of the surrounding mean winds. Similar re-
sults are obtained for the other 9 stratifications.

Figures 11 and 12 depict the parallel wind component (VLR) for the
single levels in the MOTROT system. Positive values indicate that the
surrounding winds are moving faster than the storm, while negative
values indicate that the component of the surrounding wind along the
direction of the storm motion is less than the storm motion. Except
at close in radii, the majority of the points show that the mean storm
motion is greater than the mean surrounding flow. Again, similar re-
sults are obtained for the 9 other stratifications. Thus, at a majority
of radii and levels, tropical cyclones are propagating faster than and
to the left of the mean surrounding flow field. A consistency of storm

movement in relation to the surrounding wind is evident.
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5.3 Horizontal Radial Band Vectors

R

relative component vectors for the individual bands at 700 mb. As above

Figures 13 and 14 portray the vector sum of the VN and VL

R

the radial bands are indicated by a single average radius. In essence,
these figures depict the individual bands' average wind relative to the
storm. It is seen that the individual band averages of the mean sur-
rounding wind move from the front left to the right rear quadrant of the
composite storm. Thus, the total vector for the band indicates that

the storms are propagating faster and moving to the left of the mean

wind for each radial band at 700 mb.

5.4 Vertical Radial Band Vectors

In a similar manner as above, the horizontal band vectors were in-
tegrated over various portions of the atmosphere (1000-100 mb, 1000-500
mb, 500-100 mb, 850-250 mb, 850-700 mb). The 1000-500 mb integrations
show the best comsistency. These are portrayed in Figures 15 and 16
for the individual bands. Again, the vectors move from the right front
to the left rear quadrant, denoting the same relationship as found for
the individual horizontal radial band vectors.
5.5 Storm Motion vs. Actual Surrounding Mean Wind Direction and Speed

(Horizontal Multiple Radial Bands)

Using actual winds (ROT), the composite data were investigated for
a relationship between the storm motion (direction and speed) and the
surrouading wind flow. Data for twenty-ome (1-5°, 1-7°, 1-9°,...13-15°)
multiple bands were examined at the various pressure levels. The com-
posited data were examined separately for a cyclone surrounding wind

direction relationship, and a cyclone surrounding wind speed relationship.
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For the directional relationship, each of the 13 stratifications
was examined comparing the mean wind direction at the various levels
with the mean direction of storm movement for each stratification. The
most consistent finding for a directional relationship was found to be
the 1-7° radial band at 500 mb as shown in Figure 17. Shown are the
three mean storm directions (solid line) for the three direction stra-
tifications (A, B, C). The dashed line is the mean surrounding wind
direction for each of the cases at 500 mb (1-7° radius). It is seen
that the mean storm deviates an average of 16° to the left of the mean
winds at this level for the 3 stratifications. As stated above, this
level represents the best consistency for all the stratifications. Con-
sistency refers to the smallest range of the angle between the storm
direction and the mean surrounding flow that was found for all 13 stra-
tifications. The standard deviation of these differences for the 1-7°
band direction is 3.4°. Comparisons with other bands are shown later.
The 1-7° 500 mb storm direction~-surrounding wind direction angle dif-
ference ranged from 12 to 23° for all 13 stratifications.

Figure 18 depicts the same relationship for the speed and intensity
stratifications. Table 3 summarizes the results for all 13 stratifica-
tions. As previously stated, the storms are moving to the left of the
mean flow. However, an empirical relationship is now seen as the storms
are deviating about " 15-18° to the left of the mean flow (1~7° radius
at 500 mb) regardless of the storms' latitude, direction of motion, speed,
intensity, or intensity change.

For the storm speed/surrounding flow relationship, the 13 strati-
fications were again examined at all levels for a relation between the

mean storm speed (S) of each stratification and the surrounding wind
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270

180
A: Mean Storm Direction for Direction Stratification A (250-3100)
B: Mean Storm Direction for Direction Stratification B (310—3500)

C: Mean Storm Direction for Direction Stratification C (350-060°)

A': 500 mb (1"72 radius band) Wind Direction for Stratification A
B': 500 mb (1-7 radius band) Wind Direction for Stratification B
C': 500 mb (1-7° radius band) Wind Direction for Stratification C

Figure 17. Relationship between the mean storm direction and the sur-
rounding wind flow for three direction stratifications
(horizontal multiple radial band).
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SLOW MODERATE FAST
(0-3ms)) (3-7ms?) (V>7ms"
360° 360°

180° 180°

INTENSITY | INTENSITY 2 INTENSITY 3

(1000-S80mb) (980-950mb) (C.P < 950mb)
360° 360° 360

180 180 180
MEAN STORM _  500mb (1° -7° RADIUS
DIRECTION 7 BAND) WIND DIRECTION

Figure 18. Relationship between the mean storm direction and the
surrounding wind flow for speed and intensity stratifica-
tions (horizontal multiple radial band).
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TABLE 3

HORIZONTAL MULTIPLE RADIAL BAND SUMMARY FOR 1-7° BAND

Stratification Mean Storm Mean 1°-7° Storm Mean Mean 1°-7° Ratio Storm
Direction Surrounding Deviation Storm Surrounding Speed/Surrcunding
Wind Direction from Speed Wind Speed 1=7° Wind Speed
at 500 mb Surrounding at 700 mb
Wind A 5
(L=Left) (ms ™) (ms ™)

Latitude

Latitude >20°N 352° 010° 18°L 5.61 5.06 Tl

Latitude <20°N 300° 314° 14°%, 5.05 4.23 1.19
Speed

Slow Storm o o 0.

Speed 0-3 ms_l 338 001 23°L 2,43 2.19 1.11

Moderate Stor o ] o

Speed 3-7 ot 326 344 18°L 5.19 4.37 1.19

Fast Storm o o 0.

Speed >7 ms 006 018 12'L 1032 8.71 1.16
Direction

Direction A <0 o o

2500 < Dic. 53100 285 300 15°L 6.16 4,96 1.24

Direction B o o o

310° < pir. % 350° 324 341 17°L 5.32 4.39 121

Direction C o o o

350° < Dir. < 060° 027 042 15L 7.08 6.59 1.07
Intensity

Intensity 1

1000m> > C.P.> 319° 331° 12°%L 4.87 4.07 1.20

980mb

Intensity 2

980m> > C.P. > 326° 343° 17°L 5.03 4,22 1.19

8 50mb

Intensity 3 o o 0.

C.P. < 950mb 319 341 22°L 517 4.34 1.19
Intensitcy Change

Deepening Storms 304° 317° 13°L 4.89 4.31 1.13

Filling Storms 360° 017° 17°L 5.69 5.13 1.11

Mean: 16.4°L Mean: 1.16

Standard Deviation: 3.4° Standard Deviatien: 0.05
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speed (W) in the direction of the storm motion. The ratio of the mean
storm speed and the mean wind speed (S/W) was calculated for the various
levels in the atmosphere. The most consistent results were found at the
700 mb level for the 1-7° radial band. For this band, the average ratio
of the storm speed to the mean surrounding flow in the direction of
motion is 1.16. The storm speed surrounding wind speed ratio ranged
from 1.07 to 1.24 with a standard deviation of 0.05. These relation-
ships are depicted in Figures 19 and 20, and are summarized in Table 3.

The above two findings regarding the relationship of the storm
motion to the envirommental wind direction/speed verify, for the west-
ern North Pacific area, the "steering" concept for tropical storms. In-
deed, storm movement is directly related to the storm's surrounding flow.
That is, as this flow changes, there is also a corresponding change in
the storm movement. The composited data indicates that the mean storm
moves about 16° to the left of the mean surrounding flow for the 1-7"
radius band at 500 mb, while the ratio of the storm speed to the mean
surrounding flow in the dirgction of the storm motion (1-—70 radius at
700 mb) is 1.16. As stated previously, the above two findings represent
the most consistent findings. Other multiple bands show similar rela-
tionships but with larger deviations.

Table 4 depicts storm direction deviation from the surrounding
winds for various multiple radial bands and stratifications. Table 5
shows the ratio of the storm speeds to the surrounding wind speeds for
the same multiple bands. Notice that for the larger bands and for the
outside bands the deviations are larger. As the cyclones are often lo-
cated at the southwestern edge of a sub-tropical anticyclone, the flow

at large radii to the north and west will show more southerly components.
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FAST STORMS MODERATE STORMS SLOW STORMS
V> 7ms! 7ms'> V> 3ms! V < 3ms!

VELOCITY (ms™)

&

10.12 871 5.19 437 243 2.19
S/W RATIO=1.16 S/W RATIO=1.19 S/W RATIO = 111

SURROUNDING WIND SPEED
MEAN STORM SPEED l: (1°-7° RADIUS BAND AT
700 mb)

Figure 19. Relationship between the mean storm speed and the surrounding
wind component along the direction of motion for the three
speed stratifications (horizontal multiple radial band) at 700mb.

This will cause the surrounding flow to be more to the right of the

cyclone motion.

5.6 Storm Motion vs. Actual Surrounding Mean Wind Direction and Speed

(Vertical Multiple Radial Bands)

In a similar manner as above, vertically integrated multiple bands
were investigated for cyclone motion/surrounding wind relationships.
Seventeen vertical multiple radial band integrations were examined (i.e.
1000-500 mb, 1000-100 mb, 500-100 mb, etc.). The most consistent rela-

tionship between the storm direction and surrounding wind was found to

be the 1-7° radial band integrated between 700 and 500 mb. The average
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DIRECTION A DIRECTION B DIRECTION C
8 250° — 310° 310° — 350° 350° - 060°
'E 6 .:.:- '_.
st
o
o
Lt
> 0 = 5 2

6.16 496 5.32 4.39 7.08 6.59

S/W RATIO = (.24 S/W RATIO= 2] S/W RATIO =1.07
8_

5 INTENSITY | INTENSITY 2 INTENSITY 3
) 1000 - 980mb 980 —
@ 6l 950mb C.P. £ 950mb
> 4
o
O
2
;J ,:.: ,_'.: o

4.87 4.07 5.03 4.22 5.17 4.34

S/W RATIO=1.20 S/W RATIO =1.19 S/W RATIO=I.19

SURROUNDING = WIND SPEED

MEAN ST
ORM SPEED (1°-7° RADIUS BAND AT 700mb)

Figure 20. Relationship between the mean storm speed and the surrounding
wind component along the direction of motion for the direc-
tion and intensity stratifications (horizontal multiple
radial band)at 700 mb.

angle deviation between the mean storm direction and the surrounding

flow was again found to be about 16° with a standard deviation of 3.3°.

Figures 21 and 22 depict this relationship.

The speed relationship for the integrated multiple bands was found
to be best for the 1-7° band integrated from 1000 mb to 500 mb as shown
in Figures 23 and 24. The average storm speed/surrounding flow ratio
is 1.27 with a standard deviation of 0.03. As in the single level mul-

tiple bands, the integrated multiple bands show a consistent relation-

ship between the storm motion and the surrounding wind flow. Table 6
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TABLE 4

DIRECTION COMPARISONS FOR VARIOUS MULTIPLE BANDS

Stratification Storm Deviation from Mean Surrounding Wind (500 mb)
1° = 7° 1° - 9° 1°-11° 1°-13° 5% - 9°

Lat > 20°N 18°L 24°L 30°L 40°L 30°L
Lat < 20°N 14°L 12°L 15°L 24°L L
Slow 23°L 31°L 37°L 48°L 39°L
Moderate 18°L 25°L 33°L 44°L 32°L
Fast 12°L 14°L 17°L 21°L 19°L
Direction A 15°L 18°L 22°L 32°L 20°L
Direction B 17°L 19°L 25°L 36°L 19°L
Direction C 15°L 21°L 25°L 32°L 23°L
Intensity 1 T2, 15°L 20°L 23°L 18°L
Intensity 2 17°L 22°L 28°L 37°L 25°L
Intensity 3 22°L 15°L 20°L 38°L 23°L
Deepening 13°L 22°L 22°L 20°L 13°L
Filling 17°L 26°L 13°L 29°L 10°L

Mean: 16.4° 20.3°L  23.6°L 32.6°L 21.3°L

a 1 3.4° 5:.57 7.0° 8.9° 8.9°

L Storm direction to Left of mean surrounding wind

direction
TABLE 5

SPEED COMPARISONS FOR VARIOUS MULTIPLE BANDS

Stratification Storm Speed/Surrounding Wind Speed Ratio (S/W) at 700 mb
1° = 7° 1° -9° 1°-11° 1°-13° 5° -~ 9°

Lat >20°N 1.11 1.32 1.61 2,12 1.54
Lat <20°N 1.19 1.74 2.22 2.76 1.86
Slow 1.11 1.42 1.69 2.78 1.56
Moderate 1.19 1.40 1:75 2.32 1.47
Fast 1.16 1.39 1.67 2.08 1.47
Direction A 1.24 1-25 1.50 1.86 1.48
Direction B 1:.21 1.13 1.37 1.69 1.33
Direction C 1.07 1.96 2.36 3.45 2.43
Intensity 1 1.20 1.38 1.62 1.96 1.56
Intensity 2 1.19 1.42 1.79 2.38 1.69
Intensity 3 1,19 1..57 2.03 2.66 2.76
Deepening 1:189 1.38 2.06 2.50 1.84

Filling 121 1.24 1.33 2.04 1.25

Mean: 1.16 1.43 1.77 2.35 1.71
a. = .05 .22 .32 .48 W43
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270

180

A Mean Storm Direction for Direction Stratification A (250—3100)
: Mean Storm Direction for Direction Stratification B (310—3500)
e Mean Storm Direction for Direction Stratification C (350-060")

A': Integrated 700mb-500mb (1—72 radius band) Wind Direction for A
B': Integrated 700mb-500mb (l—?0 radius band) Wind Direction for B
C': Integrated 700mb-500mb (1-7 radius band) Wind Direction for C

Figure 21. Relationship between the mean storm direction and the
surrounding wind flow for three direction stratifications
(vertical multiple radial band)between 700-500 mb and
1-7° radius.



43

SLOW MODERATE FAST
(0-3ms!) (3-7ms?) (V=>7ms!)
360° 360° 360°

180° 180° 180°
INTENSITY | INTENSITY 2 INTENSITY 3
(1000 -980 mb) (980-950mb) (C.P<950mb)

360° 360° 360°

180° 180° 180°
MEAN STORM INTEGRATED 1000mb -
DIRECTION  ~ 77777 500mb ( 1°-7° RADIUS

BAND) WIND DIRECTION

Figure 22. Relationship between the mean storm direction and the
surrounding wind flow for speed and intensity stratifica-
tions (vertical multiple radial band)between 1000-500 mb
and 1-7° radius.
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I
( FAST STORMS MODERATE STORMS SLOW STORMS
ok m V2 7ms’! 7ms' >V > 3ms! V < 3ms’!
9 L
B =
= i o
1
w
E 6L
C 5| &
g e
R i w
L
> 3
2 -
; -
0 e o i
10.12 T AT 5.19 4.03 243 1.91
S/WRATIO=1.30 S/wW RATIO =1.28 S/W RATIO=1.27
MEAN STORM SPEED SURROUNDING WIND SPEED
(1°-7° RADIUS BAND INTEGRATED

1000-500mb)

Figure 23. Relationship between the mean storm speed and the surrounding
wind component along the direction of motion for the three
speed stratifications (vertical multiple radial band)between
1000-500 mb and 1-7° radius.

summarizes the results for these best integrated multiple bands, while
Tables 7 and 8 show comparisons with other integrated bands for all
stratifications. As in the single level bands, the larger integrated bands

and the larger radius bands show the greatest deviations from the cyclone motion.

5.7 Comparison of Composite Wind Components vs. Calculated Geostrophic
Components

From the composite height data, the geostrophic components of the
wind were calculated inside 7° radius. Tables 9-11 depict the compar-

ison of the composited wind components with the geostrophic wind
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DIRECTION A DIRECTION B DIRECTION C
= B 250°-310° 310°-350° 350°-060°
‘-‘E‘ 6k __.
at
[ ]
9 2t
1]
= oL i i i
5.16 4.65 5.32 4.25 7.08 5.67
S/W RATIO=1.32 S/W RATIO =1.25 S/W RATIO=1.25
=~ INTENSITY | INTENSITY 2 INTENSITY 3
2 ol 1000 ~ 980 mb 980 - 950 mb C.P. < 950 mb
£ 4
Q
921
w : i
> oL ey | 25 | o )
4.87 3.71 5.03 3.87 5.7 403
S/W RATIO = 1.3| S/W RATIO = 1.29 S/W RATIO=1.28

SURROUNDING WIND SPEED

(1°-7° RADIUS BAND INTEGRATED

MEAN STORM SPEED
1000 -500mb)

Figure 24. Relationship between the mean storm speed and the surrounding
wind component along the direction of motion for the direc~
tion and intensity stratifications (vertical multiple radial
band) between 1000-500 mb and 1-7° radius.

components at 850, 700, and 500 mb for all thirteen stratifications. At

850 mb the mean normal geostrophic minus actual wind component differ-

enceé are v 0.4 m/sec, while the parallel component mean differences are

only © 0.1 m/sec. The ratio of actual to geostrophic parallel component
for all 13 stratifications is nearly one, indicating excellent agree-
ment. At 700 mb, the mean normal component difference is ~ 0.1 m/sec,
the mean parallel component difference is v 0.6 m/sec, and the actual/

geostrophic parallel component ratio is v 0.9. Again, this shows a

close relation between the actual and geostrophic winds. At 500 mb,
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TABLE 6

VERTICAL MULTIPLE RADIAL BAND SUMMARY FOR 1-7° BAND

Stratification Mean Storm Mean lD-—TO Storm Mean Mean 10-?0 Ratio Storm
Direction Surrounding Deviation Storm  Surrounding Speed/Surrounding
Wind Direction from Speed Wind Speed 1-7° Wind Speed
(700-500 mb) Surrounding oy (1000-500 mb)
Wind (ms ) (ms 1)
Latitude
Latitude >20°% 352° 007° 15°L 5.61 4.55 1.23
Latitude <20°N 300° 312° 12°L 5.05 4.05 1.25
Speed
low S
:p‘e’:d ol 338° 359° 21°L 2.43 1.91 1.27
o 326° 342° 16°L 5.19 4.03 1.28
g:':;dsfg":s-l 006° 017° 1% 10.12 7.77 1.30
Direction
g R 302° 17°L 6.16 4.65 1.32
o il 3500 324° 337° 13°L 5.32 4.25 1.25
2;58“:1;’1';‘ e 92° 040° 13°%L 7.08 5.67 1.25
Intensit*i
Intensity 1 5 5
1000mb > C.P. > 319 333 14°L 4.87 3.71 1.31
980mb
Intensity 2
980mb > C.P. > 326° 344° 18°L 5.03 3.87 1.29
950mb
i
g 70 319° 340° 21°L 5.17 4.03 1.28
Intensity Change
Deepening Storms 304° 318° 14°L 4.89 3.82 1.28
Filling Storms 360° 019° 19%L 5.69 4.55 1.25
Mean: 15.7°L Mean: 127

Standard Deviation: 3.3° Standard Deviation: 0.03
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TABLE 7

DIRECTION COMPARISONS FOR VARIOUS INTEGRATED MULTIPLE BANDS

Stratification Storm Deviation from Mean Surrounding Wind (700-500 mb)
10 - 70 10 - gD 10 = 110 10 = (o] 50 . 90
Lat > 20°N 15°L 20°L 26°L C ¥ e 27°L
Lat < 20°N 12°1, 14°L 18°L 27%% 13°L
Slow 21°L 27°L 30°L 44°L 50°L
Moderate 16°L 259 29°L 40°L 28°L
Fast 11°1 14°L 17°L 21°L 19°L
Direction A 17°% 22°L 27°L 7L i
Direction B 13°L 16°L L 32°L 22°1.
Direction C 13°L b 7 22°L 29°L 22°L
Intensity 1 14°L 19°L e 26°L 23°L
Intensity 2 18°L b 27°L 37°L 26°L
Intensity 3 21°L 29°L 38°L 48°L 39°L
Deepening 14°L 15°L 17°L 19°L 21°%
Filling 19°L 24°L 39%, 41°L 29°L
Mean: 15.7° 20.1° 25.2° 23.7° 26.6°
¢ = 58" 4.8° 6.2° 8.9° g.3"
TABLE 8

SPEED COMPARISONS FOR VARIOUS INTEGRATED MULTIPLE BANDS

Stratification Storm Speed/Surrounding Wind Speed Ratio (S/W) for (1000-

500mb)
10 - 7O 10 - 90 o _ 110 (o] _ 130 o _ 90

Lat > 20°N 1.23 1.44 1.72 2.23 1.65
Lat < 20°N 1.25 1.79 2.19 2.65 1.87
Slow 1.27 1.56 1.75 2.19 2.03
Moderate 1.28 1.49 1.96 2.15 1.68
Fast 1.0 1.54 1.82 2.28 1.76
Direction A 1:32 1.93 2.43 3.14 2.34
Direction B 1.25 1,18 1.39 1.7 1.34
Direction C 1.25 1.43 1.70 2.12 1.56
Intensity 1 1.31 1.47 1.73 2.05 1.66
Intensity 2 1.29 1.53 1.88 2.42 1,78
Intensity 3 1.28 1.66 2.02 2.57 2.09
Deepening 1.28 1.56 2.04 2.42 1.60
Filling 1.25 1.41 1.68 2.1 1.52

Mean: 1.27 1.54 1.87 2.32 1.76

o .03 0.18 0.26 0.34 0.27



TABLE 9

850mb COMPARTSON OF COMPOSITE WIND COMPONENTS VS. CALCULATED GEOSTROPHIC COMPONENTS
Stratification Normal Component Inside 7° Radius Parallel Component Inside 7° Radius
(ms™1) (ms™1)
Actual Geostrophic Difference Actual Geostrophic Difference Ratio
Wind Wind Wind Wind Actual/
Composite Composite Composite Composite Geostrophic
1. Lat >20°N - .01 - .10 + .09 +3.81 +3.90 - .09 .98
2. Lat <20°N + .96 + .93 + ,03 +2.84 +3.73 - .89 .76
3. Slow - .11 + .81 - .92 +2.13 +3.24 -1.11 .66
4. Moderate + .22 +1,22 -1.00 +3.86 +4.05 - .19 .95
5. Fast + .44 +1.44 -1.00 +5.56 +5.49 + .07 1.01
6. Direction A +1.40 +1.28 + .12 +4.32 +2.75 +1.57 1.57
7. Direction B + .03 + X4 - .11 +5.24 +5.81 - .57 .91
8. Direction C - .33 &+ il - .45 +4.23 +4.59 - .36 .92
9. Intensity 1 +1.00 +1.12 - .12 +3.34 +2.82 + .52 1.18
10. Intensity 2 + .81 +1.97 -1.16 +3.35 +3.67 - .32 <91
11. Intensity 3 + .69 + .99 - .30 +3.97 +2.96 +1.01 1.34
12. Deepening +1.36 + .82 + .54 +3.25 +2.50 + 75 1.30
13. Filling + .60 +1.15 - .55 +3.41 +5.13 -1.72 .66
Mean + .54 + 91 - .37 +3.79 +3.89 - .10 1.01

8%
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500mb COMPARISON OF COMPOSITE WIND COMPONENTS VS. CALCULATED GEOSTROPHIC COMPONENTS

TABLE 11

Stratification Normal Component Inside 7° Radius Parallel Component_ Inside 7° Radius
(ms~1) A
Actual Geostrophic Difference Actual Geostrophic  Difference Ratio
Wind Wind Wind Wind Actual/
Composite Composite Composite Composite Geostrophic
1. Lat >20°N +1.92 +1.03 + .89 +5.91 +7.11 -1.20 .83
2. Lat <20°N + 295 +1.30 - .35 +3.82 +2.98 + .84 1.28
3. Slow +1.08 + .54 + .54 +1.92 +3.24 -1.32 .59
4. Moderate +2.80 +1.89 - .09 +4.53 +7.16 -2.63 .63
5. Fast +2.15 + .52 +1.63 +11.95 +13.61 -1.66 .88
6. Direction A | +1.18 + .16 +1.02 +4.36 +4.78 - .42 .91
7. Direction B | +1.39 + .00 +1.39 +4.43 +6.22 -1.79 sl
8. Direction C | +2.45 +1.95 + .50 +8.56 +10.67 ~-2.11 .80
9. Intensity 1 | +1.03 + .85 + .18 +4.73 +5.50 - .77 .86
10. Intensity 2 | +1.96 +4.09 -2.13 +5.01 +5.36 - .35 .93
11. Intensity 3 [ +1.99 +1.69 +: .30 +3.61 +5.36 -1.75 .67
12, Deepening +1.15 +:15 +1.00 +4.58 +5.00 - .42 .92
13. Filling +2.49 +1.64 + .85 +6.72 +7.26 - .54 <93
Mean +1.66 +1.22 + .44 +5..39 +6.48 -1.09 91

0§
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the normal and parallel differences are 0.4 and 1.10 m/sec, respectively,
while the actual/geostrophic parallel ratio is ~ 0.9. Considering the
possible influence of the storm's changing acceleration and cumulus con-
vection in upsetting the wind-height relationship, these results are
better than expected. 1In essence, these relationships show that the
geostrophic height fields fit almost as well as the actual winds.

Because of the good correlation between winds and height, it might
be possible in operational analysis to substitute winds for heights or
heights for winds depending on which measurement is available. As seen
from the tables, the low level wind-height correlations are especially
good. It would thus secem feasible that low level satellite derived
winds might be used to fill in missing surrounding data points needed
for a surrounding flow field. These satellite derived winds might also
be converted to heights. Overall, it appears encouraging that the height

data can be used to derive the wind fields or vice versa.

5.8 Cyclone Motion Relation to Right Octant Winds

The relationship between the storm motion and the right octant
winds was also investigated following the research of Chin (1970) and
others who indicated that the right quadrant wind is well related to
the cyclone center motion. Total wind vector values for the right
octant were evaluated at different levels. Figure 25 shows the result
for the LAT > 20°N stratification in the ROT system which is also typi-
cal for the other stratifications. In this figure the individual radial
bands are represented by an average radius, i.e. 2% represents the 1-3°
radius, etc. With the mean storm moving at 5.6 m/sec to 360° (indica-~-

ted by the heavy arrow), it is seen that no single radial band well
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Figure 25. Right getant vectors (ROT) at 850 mb. Mean storm moving

to 330 at 5.6 m/sec as shown by the heavy arrow. (LAT

> 20N stratification).
represents the storm speed. However, from 2° to 8° radius the direction
of the winds was found to be within 5° of the storm direction. The
850 mb level shows the closest relationship between storm direction and
the right octant vector. It can be concluded that the right octant

winds parallel the storm motion and give good directional information

but not necessarily precise storm speed information.



6. DISCUSSION

These results appear to verify the compositing philosophy. Thus,
the inherent errors and unrepresentative sampling by the individual
rawinsonde reports must be largely random and mostly average themselves
out in the statistical average. This is very encouraging for future
studies of synoptic and meso-weather systems and is a major result of
this paper. The rawinsonde networks cannot be expanded, but the mas-
sive statistical averaging of past data sets can be accomplished with
the new computer tape techniques. Thus, it appears that one can sub-
stitute time resolution for space resolution on specific types of
weather systems.

It has been shown statistically that tropical cyclone motion is
directly related to the surrounding wind and height fields. Thus, the
general concept of a steering flow seems valid. This steering concept
has been basically accepted and applied when possible by forecasters
for a number of years, but up to now, little quantitative verification
of this steering hypothesis has been provided. Tropical cyclone direc-
tion seems to be very well related to the mean 1-7° radius 500 mb
surrounding wind direction while cyclone speed is best related to the
1-7° radius 700 mb surrounding wind speed. Close relationships exist
between the wind and height fields. This shows that these two fields
can be used interchangeably.

As seen from the results, the surrounding flow dictates the storm
motion very well, regardless of storm latitude, speed, direction, inten-
sity, and intensity change. Thus, it appears that the structure of
tropical cyclones such as the inner convective activity is not a

primary factor in influencing storm movement. 1In the statistical
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average, it appears that variations in the eye wall and inner region
cumulus convection do not make a significant contribution to the sur-
rounding steering flow and cyclone motion.

If the surrounding flow could be better monitored, the information
in this paper might be used to improve cyclone forecasting. Furthermore,
for critical forecasts, such as when a major storm is threatening a
large population area, aircraft could fly around the cyclone at 5 to 7°
radius and monitor the surrounding steering flow and determine how this
changes. If there is a lag in response of the cyclone center motion to
the winds or heights at outer radii, then some forecasting skills may be
derived by monitoring the outer fields on a continuous basis. The next
logical step in this research appears to be an investigation of the
likely lag in response of the cyclone center motion to the outer wind and
height changes. This requires the comparing of the cyclone center motion
changes with the prior 12, 24, 36, etc. hour surrounding field changes.
Future tropical cyclone motion research will be directed along these

lines.



PART II

SURROUNDING ENVIRONMENTAL DIFFERENCES BETWEEN RECURVING AND

NON-RECURVING TROPICAL CYCLONES
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1. INTRODUCTION

A basic problem of tropical cyclone forecasting is the one of
determining whether recurvature will occur. Westward moving cyclones
will sometimes turn to the north and then to the northeast and undergo
recurvature. Other cyclones will not recurve. Long ago Riehl and Shafer
(1944) stated that if the base of the polar westerlies lowers greatly
west of a storm in connection with an eastward moving middle-latitude
trough and remains low, northward recurvature results. General synoptic
conditions favorable for recurvature have been documented by Dunn and
Miller (1964). Typical flow patterns associated with recurvature are:

1) large-amplitude troughs, extending southward from the
westerlies and located within a few hundred miles to the

west of the storm center,

2) well-marked low-latitude troughs building northward into
the westerlies, and

3) weak troughs between two separate high cells.
Flow patterns associated with non-recurvature include:
1) a strong subtropical high to the north of the storm, with
the major trough in the westerlies located far to the west

of the longitude of the storm and

2) westerlies flat, i.e., waves having a very small amplitude
at their normal latitudes or further north.

Burroughs and Brand (1972) also have shown how recurvature is related to
the strength of the 300 mb winds to the north. Dunn and Miller (op.
cit.) further comment that the period when the storm oscillates between
the influences of the easterlies and the westerlies is the most criti-
cal. When these types of situations exist the forecaster faces a very
serious problem of whether to forecast recurvature or not. An incorrect

recurvature/non-recurvature forecast will greatly affect the population
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areas in the actual storm track, and lead to very large forecast errors.
Forecasting recurvature 1-3 days before it takes place is usually very

difficult. Thus, basic research on the recurvature problem would seem

warranted.



2. METHODOLOGY

This study uses the same composited data set described in Part
I to examine the recurvature problem in the western North Pacific.
Twenty-one pairs of tropical cyclone tracks were selected from the data
set. Each pair includes one storm that recurved and one that did not.
The pairs were selected in a manner such that the earlier portion of
each storm track was within 5° latitude of the other. The twenty-one
tracks of recurving storms are shown in Figure 26, while the non-recurv-
ing storm tracks are depicted in Figure 27. TFour examples of the paired
storms are shown in Figures 28-31. Also an example of each type of
storm in its surrounding environment at 700 mb is depicted on Japanese
daily weather maps (1963) as shown in Figures 32 and 33.

For the composite fields, a separation point (S) was selected.
The S point is arbitrarily defined at the longitude where the recurving
storm track begins to deviate significantly from the non-recurving track
and acquires a northwesterly to northerly component (see Figures 28-31
for examples). This is a significant location. It is hypothesized
that the surrounding tropospheric flow field 1-3 days before separation
time should show a difference between the storms that recurve and those
that do not. Rawinsonde data has been composited separately for the
recurving storms and non-recurving storms at the time of the S point,
and also prior to and after the S point time.

To assure that the data samples were sufficiently large, it was
decided to composite three consecutive 12-hour time periods together.
For example, data at the time of the separation point (S), data 12

hours before this time, and data 24 hours before were all composited
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Figure 32. 700 mb level daily weather at the time of S point for tro-
pical storm Kit (1963) which eventually recurved.
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Figure 33. 700 mb level daily weather map at time of S point for tro-
pical storm Faye (1963) which did not recurve.
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together relative to the cyclone centers at each time period to give

a mean composite time of (S-12). The (S-36) composite data time con-
sists of the three time periods 24, 36 and 48 hours before the S point
and the (S-60) time data of 48 to 72 hours prior to recurvature. Some
of the tropical storms of the (S-36) and (S-60) periods were in their
early stages of development. Thus, the composite depictions presented
in this paper are not for a single time period, but rather for a 24-hour
combination of time periods. This technique results in typical rawin-
sonde case counts of 30-50 for grid points to the north of the storm
location. Less data is available to the south. The Appendix lists

the actual case count for each of the grid points for this study.

The basic compositing grid (see Part I) was expanded out to 2
radius in order to note large scale parameter differences which are
correlated with recurvature. Thus, from the composite fields of height,
winds, temperature, etc. basic differences in the overall fields be-
tween storms that recurve and those that do not should, if they exist,
be discerned. Table 12 lists the storm pairs with the dates and times

of the S points on their respective tracks.



67

TABLE 12

SELECTED STORM PAIRS FOR RECURVATURE COMPOSITE STUDY

Reeyrving Storms Non-Recurving Storms
Name Year Date and Time Name Year Date and Time
of S Point of S Point
1. Dinah 1965 6/17 00z Clara 1964 10/04 1.27,
2. Faye 1965 11/23 00Z Winnie 1964 6/28 00Z
3. Irma 1966 5/18 00z Lucy 1962 11/28 00z
4. Harriet 1967 11/20 00z Patsy 1970 11/16 00z
5. Cora 1969 8/18 00z Doris 1964 7/13 122
6. Kit 1963 10/09 00z Clara 1967 7/08 12z
7. Opal 1967 9/11 00z Helen 1964 7/31 00Z
8. Wilda 1964 9/23 00Z Elsie 1969 9/25 00z
9. Della - 1968 9/22 00z Viola 1969 7/26 00z
10. Gilda 1962 10/25 12Z Emma 1967 11/03 00Z
11. Hope 1964 10/25 12Z Sally 1964 9/06 12Z
12. Ellen 1961 12/09 00Z Joan 1970 10/13 00z
13. 0Olga 1970 7/01 127 Tilda 1964 9/14 00Z
14. Lucy 1968 6/30 122 Dinah 1962 10/01 122
15. Kim 1968 6/01 122 Freda 1965 7/09 122
16. Kathy 1969 11/07 00z June 1961 8/02 122
17. Shirley 1965 9/08 127 Tilda 1961  10/01 12Z
18. Trix 1965 9/14 12z Harriet 1965 7/24 127
19. Karen 1962 11/14 00z Faye 1963 9/03 12z
20.: Eit J 1966 6/24 12Z Opal 1964 12/12 12Z

21. Susan 1963 12/26 127 Opel 1962 8/02 12z



3. RECURVATURE COMPOSITE RESULTS

3.1 Depiction

It is important to understand the depiction presented in the
following figures. The grid has been extended out to 21° radius from
the center of the storm. The first data point shown from the storm
center is not near the center but at 7-9° radius from the center.
Thus, the depiction in this section shows the outer 7-21° radius from
the storm. No data within 7° radius of the storm center is portrayed.
The inner 7° radius motion has been previously described in Part I.
The wind barb depictions are in m/sec with the single barb representing
5 m/sec and the large triangular barb representing 25 m/sec. These
values can be approximately doubled in order to convert the wind speed

into knots.

3.2 Wind Direction and Speed

Figures 34 to 39 portray the 700 mb and 200 mb wind fields 60
to 12 hours prior to recurvature. Figure 34 depicts the composite
700 mb wind field at the (S-60) mean composite time period for non-
recurving and recurving storms, along with the non-recurving minus
recurving difference. Westerlies are located approximately 16-20°
to the north of non-recurving storms. For the recurving storms the
westerlies are found at only 10° to the north of the cyclone center
and are slightly stronger. As seen, the differential speed differ-
ence between the non-recurving and recurving storms to the north is
5-10 m/sec. Thus, at 48 to 72 hours, or 60 hours average time before
the separation point, the 700 mb wind field out to 14-16° radius
shows slight westerly wind differences for the storms that recurve

vs. those that do not. The same depictions for the 24-48 hours prior

68
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time period, or (S-36) at 700 mb are shown in Figure 36. At this time

period, the westerlies are located approximately 14-16° to the north

of the non-recurving storms, while only 10o to the north for recurving

storms. For the recurving storms the westerlies are slightly stronger

than for the non~recurving storms. The difference between the non-

recurving and recurving storms to the north of the center is again 5-10

m/sec. Figure 38 shows a similar depiction for the (S-12) time period.

Though 24 hours closer to actual recurvature, there are few differ-

ences between the (S-36) and (S-~12) time periods. Again at (S-12) the

westerlies are deeper and slightly stronger to the north of recurving storms.
Major differences in the wind fields can be seen at the 200 mb

level. Figure 35 depicts the composite 200 mb wind field at the (S-60)

mean composite time period for non-recurving and recurving storms, along

with the non-recurving minus recurving difference. Figure 37 and 39

show the same for the (S-36) and (S-12) time periods, respectively. It

is readily apparent that a significant 200 mb difference between storms that

recurve and those that do not is the width and strength of the westerlies

to the north of the storm at a distance of 10-20° radius to the north.

At (S-60), non-recurving storms do not have westerlies within 16°

of their center, while the recurving storms have the westerlies at

10° radius to the north. At (S-36) the westerlies are closer to the

storm center and stronger for both categories of storms. This trend

continues as shown by the (S5-12) time period. The three time period

differences between the non-recurving and recurving storms range up

to 30-36 m/sec to the north of the storm. Thus, it appears that even

at an average time period of 60 hours before the point at which the re-

curving storms begin to shift their courses, their 200 mb wind fields are
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Figure 34.

700 mb Dir. & Speed
NON-RECURVING at time

700 mb Dir. & Speed
RECURVING at time
S-60 hrs..

700 mb Dir. & Speed
NON-RECURVING-RECURVING
DIFFERENCE at time

S-60 hrs.

700 mb direction and speed composite depictions for non-

recurving and recurving storms with the non-recurving minus

recurving difference at (5-60).



71

+ 200 mb Dir. & Speed
+ 3 }
A it [ NON-RECURVING at time
' S-60 hrs.

..--—""“1-/:“ V\
e
‘“—: al'\
I\ e
+ =l +
Aﬁ‘-—* bl = “‘_/
‘L—- + NL___.: Rlso"-m +
. . i e 200 mb Dir. & Speed
| w— e RECURVING at time
B R PR
b +-93
s Nk ?
+ "'K/\""——h 6 == +/\+/‘\r/\+
..—-—;“ .--':"m
:"‘7 “'“*2!‘\
-/w “m.lgo
+ L iy +
= i T
PR —v "~ + T 200 mb Dir. & Speed
. | Y o Y NON-RECURVING-RECURVING
—m o r —m .~ DIFFERENCE at time
—v '_'Iﬁ'l\ S-60 hrs.

<
=

Figure 35. Same as Fig. 34, except for the 200 mb level.
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Figure 36.

700 mb Dir. & Speed
NON-RECURVING at time

5-36 hrs.

700 mb Dir. & Speed
RECURVING at time
S-36 hrs.

700 mb Dir. & Speed
NON-RECURVING -RECURVING

DIFFERENCE at time
S-36 hrs.

Same as Figure 34, except for the (S-36) mean composite
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Figure 37.
time period.

200 mb Dir. & Speed
NON-RECURVING at time
S-36 hrs.

200 mb Dir. & Speed
RECURVING at time
S-36 hrs.

200 mb Dir. & Speed
NON-RECURVING-RECURVING
DIFFERENCE at time

S-36 hrs.

Same as Figure 35, except for the (S-36) mean composite
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Figure 38.

Same as Figure 34, except for
time period.

700 mb Dir. & Speed
NON-RECURVING at time
S-12 hrs.

700 mb Dir. & Speed

RECURVING at time
S-12 hrs.

700 mb Dir. & Speed
NON-RECURVING-RECURVING
DIFFERENCE at time

S-12 hrs.

the (S-12) mean composite
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Figure 39.

Same as Figure 35, except for
time period.

200 mb Dir. & Speed
NON-RECURVING at time
S-12 hrs.

200 mb Dir. & Speed
RECURVING at time
S-12 hrs.

200 mb Dir. & Speed
NON-RECURVING-RECURVING

DIFFERENCE at time
S-12 hrs.

the (S-12) mean composite



g
u
%l VY um T
Ry *l.ﬂ"
i ¥
:
4
1
|




76

significantly different from those storms which do not recurve. Thus,

a considerable gain in recurvature forecasting skill may be possible at

a long time range. These upper level westerly wind differences are not

greatly surprising. Forecasters have always qualitatively known that
the westerlies are stronger and closer to the recurving storm. To the
author's knowledge, however, there has not been any explicit documenta-
tion of these differences. Also, it is doubtful that it was generally
known that the flow field differences were so large 48 to 72 hours be-
fore recurvature.

At least 60 hours before the first northward change in a recurving
storm's westerly movement, the 200 mb wind field is a strong indicator
as to whether a storm is likely to recurve or not. Recurving vs. non-
recurving storm differences are somewhat accentuated at the (S-36) and
§-12) time periods. Thus, it appears that storm recurvature in the
tropics is indeed tied to the strength of the westerlies in the mid-
latitudes to the north of the storm's position and that these differences
occur at long time periods prior to recurvature. An increase of fore-
casting skill may be possible if more research effort is devoted to the

study of the 200 mb flow patterns.

3.3 Zonal Wind

Figure 40 shows the analysis of the u component vector differences
(non-recurving storm minus recurving storm) for the 700 mb level at the
three mean composite time periods. Figure 41 shows the same for the 200
mb level. Negative numbers indicate stronger westerly components for

the recurving storms. As seen, the 700 mb level differences are small
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700 mb Zonal
DIFFERENCE at time
S-60 hrs. (m/sec)

700 mb Zonal
DIFFERENCE at time
S-36 hrs. (m/sec)

700 mb Zonal
DIFFERENCE at time
S-12 hrs. (m/sec)

Figure 40. 700 mb non-recurving minus recurving storm zonal component
difference in meters per second (m/sec) for the three mean
composite time periods.
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200 mb Zonal
DIFFERENCE at time
S-60 hrs. (m/sec)

200 mb Zonal
DIFFERENCE at time
S-36 hrs.l(mfsec)

T3z
-28.%
200 mb Zonal
DIFFERENCE at time
S-12 hrs. (m/sec)

Figure 41. Same as Figure 40, except for the 200 mb level.
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(v 4-8 m/sec) at 8-12° radii. The differential u fields at 200 mb for
the three time periods show the degree of variation of the two stratifi-
cations. At 60 hours prior to separation (S), the recurving storms have
a westerly u component 24 m/sec stronger at 18-20° radius to the north-
west than for the non-recurving storms. At (S-36) the difference is

28 m/sec, and increases to 36 m/sec at the (S-12) time period. Thus,
the upper tropospheric levels appear to be the best levels for the fore-

casting of recurvature as far as the wind field is concerned.

3.4 Meridional Wind

Figures 42 and 43 depict the non-recurving minus recurving v com-
ponent wind differences at 700 and 200 mb for the three mean composite
time periods. Negative numbers indicate that recurving storms have
stronger southerly components than the non-recurving storms, while
positive values are indications of northerly components. At 200 mb
for the (S-60) and (S-36) time periods, it is seen that the recurving
storms possess positive meridional wind components to the north 12-16
m/sec greater than those of the non-recurving storms. This is likely
an indication of the typical upper tropospheric trough to the northwest.
The 700 mb difference charts for the same time periods indicate a simi-
lar differential southerly component to the north and northeast of the
storm, but the magnitudes are much less. At (S-12), the 200 mb chart
shows little change from the previous time periods, while at 700 mb the
southerly component to the west and northwest diminishes somewhat.
Again, it is seen that the upper tropospheric differences are much

larger.



700 mb Meridional Wind
DIFFERENCE at time
S-60 hrs. (m/sec)

700 mb Meridional Wind
DIFFERENCE at time
S-36 hrs. (m/sec)

700 mb Meridional Wind
DIFFERENCE at time
S-12 hrs. (m/sec)

Figure 42. 700 mb non-recurving minus recurving storm meridional com-
ponent difference in meters per second (m/sec) for the three
mean composite time periods.
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200 mb Meridional Wind
DIFFERENCE at time
S-60 hrs. (m/sec)

200 mb Meridional Wind
DIFFERENCE at time
§-36 hrs. (m/sec)

200 mb Meridional Wind
DIFFERENCE at time
§-12 hrs. (m/sec)

Figure 43. Same as Figure 42, except for the 200 mb level.
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3.5 Height

The height difference fields for the 700 and 200 mb levels are
shown in Figures 44 and 45. At 200 mb for the (S5-60) time period and
18-20° radius to the north, the non-recurving storms have heights which
are over 150 meters greater than the recufving storms. This height
difference increases to over 200 meters at (S-36) and to over 300 meters
at the (8-12) time period. This striking difference is highly signifi-
cant. At approximately 24 to 72 hours prior to the separation point for
a recurving storm, there is a large height gradient between the storm
and 20° radius to the north of the storm. It would seem that height
differences of these magnitudes detected at some prior time period
would be a good indication that within 60, 36, or 12 hours, respectively,
a tropical storm is likely to begin to recurve. The 700 mb charts show
differential gradients of only 40 meters to the north and northeast of
the storm center at 16-20° radii. Generally, both levels and time peri-
ods show that for non-recurving storms, the relative heights are signi-
ficantly higher to the north. Again, the 200 mb difference fields are

much more indicative of recurvature.

3.6 Temperature

The temperature differences between the two stratifications for the
700 and 200 mb levels at (S-60), (S-36), and (S-12) are depicted in
Figures 46 and 47. At 200 mb it is readily apparent that there is
little non-recurving/recurving composite difference (1-2%) in tempera-
ture to the north and northwest. However, at 700 mb (S-60), there is a
4° differential gradient which increases to 6°C at the (S-36) time

period and to 8° at (S-12). From 12-60 hours before the separation point,
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700 mb Height
DIFFERENCE in meters
at time S-60 hrs.

700 mb Height
DIFFERENCE in meters
at time S-36 hrs.

700 mb Height
DIFFERENCE in meters
at time S-12 hrs.

Figure 44. 700 mb non-recurving minus recurving storm height difference
in meters (m) for the three mean composite time periods.
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200 mb Height
DIFFERENCE in meters
at time S-60 hrs.

200 mb Height
DIFFERENCE in meters
at time S-36 hrs.

200 mb Height
DIFFERENCE in meters
at time S-12 hrs.

Figure 45. Same as Figure 44, except for the 200 mb level.
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700 mb Temperature
DIFFERENCE in °C
at time S-60 hrs.

700 mb Temperature
DIFFERENCE in °¢
at time S-36 hrs.

700 mb Temperature
DIFFERENCE in °¢
at time S-36 hrs.
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Figure 46. 700 mb non-recurving minus recurving storm temperature dif-
ference in °C for the three mean composite time periods.
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~iE 5 200 mb Temperature
] ” DIFFERENCE in °C
® at time S-60 hrs.

200 mb Temperagure
DIFFERENCE in C
at time S-36 hrs.

200 mb Temperature
DIFFERENCE in °C
at time S-12 hrs.

Figure 47. Same as Figure 46, except for the 200 mb level.
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the outer radii synoptic field at 700 mb is 4-8° colder for storms that
recurve than for storms that do not recurve. Thus, in contrast to the
wind field results, the lower troposphere is a better indicator of re-
curvature as far as the temperature field is concerned. Table 13 sum-
marizes the above discussed parameter differences.

3.7 Recurvature Minus Non-Recurvature Zonal and Meridiomal Geostrophic

Wind Components

Recurvature minus non-recurvature geostrophic zonal and meridional
wind components which are calculated from the differential height gra-
dients north to south, and east to west across the storm centers are
shown in Figures 48 and 49. At 200 mb the zonal geostrophic environ-
mental flow from 10° to 20° across the recurving storms shows a signi-
ficantly larger component than for the non-recurving storms. At 700 mb
these geostrophic zonal differences gradually decrease with radius and
are only 1-2 m/sec at radii greater than 10°%.

Recurving minus non-recurving storm meridional geostrophic wind
differences are less pronounced than zonal values, but at 200 mb, they
still are quite indicative of recurvature at large radii. 700 mb geo-
strophic flow differences beyond 10° are near zero. The large 200 mb
geostrophic flow differences at large radii indicate a degree of possible
forecasting potential. It is apparent that at large radii the 200 mb
height field is a much better indicator of recurvature than is the 700

mb level.



Parameter

TABLE 13

SUMMARY OF NON-RECURVING MINUS RECURVING PARAMETER DIFFERENCES

Data Average 48-72 Hours
Prior to Separation (8-60)

Data Average 24-48 Hours
Prior to Separation (S5-36)

Data Average from Time of
Separation to 24 Hours Prior
to Separation (S-12)

700 mb zonal wind
field

200 mb zonal wind
field

4-8 ms~1 at 8-120 radius
(NW-NE)

20-24 ms~1 at 14-20°
radius (NW-NE)

4-8 ms"l at 8-129 radius
(NW-NE)

24-28 ms~1 at 14-20°
radius (NW-NE)

4-8 ms~! at 8-12° radius
(NW-NE)

30-36 ms~1 at 14-200
radius (NW-NE)

700 mb meridional
wind field

200 mb meridional
wind field

2-4 ms~1 at 14-20°
radius (NW-N)

10-12 ms~1 at 12-20°
radius (NW-N)

2-4 ms~! at 8-20° radius
(N-NE)

12-16 ms~1 at 12-20°
radius (N-NE)

2-4 ms-_1 at 8-16° radius

(NE)

12-14 ms~! at 12-20°
radius (W-NE)

700 mb height
field

200 mb height
field

40 meters at 16-18°
radius (N)

>150 meters at 18-20°
radius (NW-N)

40 meters at 16-20°
radius (N-NE)

>200 meters at 18-20°
radius (N)

30 meters at 16-20° radius
(N=NE)

>300 meters at 18-20°
radius (N)

700 mb tempera-
ture field

200 mb tempera-
ture field

40C at 18—200 radius
(NW-N)

10C at 18-20° radius
(NW-N)

6° at 18-20° radius (NW-N)

2°C at 18-20° radius (NW-N)

80C at 18-20° radius (NW-N)

20C at 18-20° radius (NW-N)
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Figure 48. Recurving minus non-recurving geostrophic zonal wind
component across. the cyclones, based on 700 mb and 200 mb.
‘N~S height gradients at various radii.
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Figure 49. Recurving minus non-recurving geostrophic meridional wind
component across the cyclones, based on 700 mb and 200 mb
E-W height gradients at various radii.



4, DISCUSSION

The results of this recurvature study are encouraging. It seems
reasonable that an improved 24 to 72 hour recurvature forecast scheme
could be developed using 200 mb level outer radii (16-20°) data.
Statistical studies on single cases should now be accomplished to es-
tablish the extent to which these average differences can be used in
individual situations. These recurvature relationships should also

be applicable in the Western Atlantic and other tropical cyclone regions.
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SUMMARY OF PARTS I AND II
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SUMMARY

As shown by the results in Section I, the best short range steering
indicators are found in the lower troposphere and at radii inside 7°. A
single level or integrated vertical level in the troposphere was not
found to give the best steering results for both direction and speed.
However, at short range, storms are best steered by the lower rather
than the upper troposphere. The composited data does not show consis-
tent motion-wind relationships at upper levels. Thus, it appears that
one should not attempt short range steering with the upper tropospheric
data. The comparisons between the composite wind and the geostrophic
winds indicate that these pieces of information can be used interchan-
geably. It appears that the inner convection is not of primary impor-
tance in influencing cyclone movement. If the surrounding flow could be
better monitored, then the relationships described in this paper could
be used to develop an pperatianal forecast scheme. Also, crucial short
range forecasts (those where the tropical cyclone is reaching a popula-
ted area) might be improved by having aircraft continually monitor the
cyclone surrounding height fields at 5-7° radius.

The recurvature results in Section II indicate that 12 to 60 hours
prior to a significant change in cyclone track, there occur large scale
parameter differences at upper tropospheric levels and at large radii.
The implications of these results for improved recurvature forecasting
appear encouraging. With further research, these differences can likely
be incorporated into an operational forecasting procedure. Many of the
current recurvature forecasting schemes are based on 850-500 mb flow

fields. By contrast, this study shows the large benefit that is likely
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to be derived by use of upper troposphere wind-height data at large
radii. This has been shown to be a far stronger indicator of recurva-
ture than the lower tropospheric flow. The results of this paper for
West Pacific cyclones should be valid in the Western Atlantic and in

other tropical regions.
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APPENDIX

Number of Observations per Grid Space

The number of rawinsonde soundings in each grid space (see Figure
3) is shown below in Tables A through F for each stratified composite
data set discussed. The data is presented in matrix form with the
columns indicating the radial bands and the rows indicating the 8

octants.



TABLE A: RAWINSONDE CASE COUNTS FOR LATITUDE STRATIFICATION

Radius
Octant
Number 0-1° 1-3° 3-5° 5-7° 7-9° 9=119 11-13° 13-15°
1. 4 40 78 112 150 198 224 203
2 3 30 68 132 149 153 153 166
3 £ 28 68 87 99 125 147 175
4 6 22 59 92 112 109 137 174
5 2 35 54 67 97 97 96 i61
6 3 24 56 79 108 116 145 160
7 6 26 72 117 154 195 198 244
8 1 28 106 132 173 200 206 246
Lat >20°N Stratification
1 0 6 11 24 42 57 72 82
2 0 7 25 19 40 42 42 44
3 2 12 27 20 33 40 37 31
4 1 6 27 34 42 51 50 39
5 0 10 23 40 51 57 76 88
6 1 6 12 22 27 53 67 81
7 2 2 2 11 18 13 109 131
8 0 5 10 6 39 57 79 118
Lat <20°N Stratification

00T



TABLE B: RAWINSONDE CASE COUNTS FOR SPEED STRATIFICATION

T0T

Radius
Octant
Number 0-1° 1-3° 3-59 5-7° 7-9° 9-11° 11-13° 13-15°
1 1 9 20 38 46 . 83 90 141
2 0 10 18 35 54 76 70 79
3 1 11 21 18 24 27 44 41
4 1 4 11 13 22 26 15 38
5 L 13 12 17 19 42 44 39
6 0 6 5 16 29 40 30 41
7 0 5 8 17 29 42 26 28
8 0 4 17 42 48 60 72 67
Slow Speed Stratification 0-3m/sec
1 2 26 59 84 117 158 177 157
2 3 25 57 94 128 108 116 128
3 2 21 58 59 61 87 102 116
4 5 15 48 70 87 79 109 124
5 1 25 47 51 73 86 102 176
6 3 26 46 62 85 97 136 158
7 7 19 56 78 128 178 235 259
8 1 22 82 35 151 166 183 233
Moderate Speed Stratification 4-7 m/sec
1 0 7 8 20 28 22 35 32
2 0 8 21 28 38 35 40 26
3 1 8 21 32 40 42 36 45
4 0 4 24 37 44 47 37 46
5 i 10 14 32 34 31 41 39
6 2 4 14 18 29 22 35 29
7 0 6 14 22 18 39 29 36
8 0 4 18 16 23 38 33 44
Fast Speed Stratification >7 m/sec




TABLE C:

RAWINSONDE CASE COUNTS FOR DIRECTION STRATIFICATION

Direction C Stratification 350 to 060°

Radius
Octant
Number -1 1-3° 3-50 5-7° 7-9° §=11° 11-13° 13-15°
1 0 7 17 27 42 44 57 48
2 0 7 24 21 34 34 41 31
3 1 12 27 17 29 38 31 40
4 1 5 18 36 42 44 49 52
5 0 10 19 33 42 41 54 82
6 1 10 25 38 28 59 99 106
7 3 6 21 38 63 111 147 181
8 0 9 28 32 52 71 83 116
Direction A Stratification 250 to 310°
1 1 9 17 35 44 65 79 81
2 1 7 11 21 35 28 35 43
3 1 5 9 20 16 24 22 23
4 1 3 18 20 25 20 23 35
5 0 5 8 10 15 26 35 55
6 0 5 12 16 28 29 18 34
7 1 8 22 32 48 61 77 78
8 0 5 27 39 64 66 84 103
Direction B Stratification 310 to 350°
1 1 15 30 41 57 73 73 58
2 1 18 37 76 87 78 73 77
3 1 12 38 54 53 67 85 93
4 3 11 33 48 58 61 68 76
5 2 20 31 38 42 36 b4 63
6 3 7 22 24 32 31 b4 44
7 4 9 22 29 25 40 36 55
8 1 13 46 38 55 65 48 56

0t



TABLE D: RAWINSONDE CASE COUNTS FOR INTENSITY STRATIFICATION

Radius
Octant
Number 0-1° 1-30 3-5° 5-7° 7-9° 9-11° 11-13° 13-15°

1 3 29 36 91 118 122 164 184
2 0 30 54 70 92 111 139 146
3 ] 26 35 63 iy | 77 104 109
4 2 21 45 55 68 89 76 115
5 4 21 40 55 83 89 112 133
6 2 11 42 61 69 93 114 186
7 3 20 43 66 78 137 189 149
8 1 15 38 70 104 135 187 209

Intensity 1 Stratification 1000-980 mb
1 2 12 32 64 110 157 167 175
2 2 16 40 76 101 110 103 104
3 2 18 36 51 58 93 94 121
4 2 11 40 60 55 80 77 91
5 0 21 . 32 46 7% 76 77 128
6 3 8 26 51 12 92 115 157
7 3 6 31 59 80 143 161 221
8 0 10 46 63 103 120 146 207

Intensity 2 Stratification 980-950 mb
1 0 13 30 51 68 88 122 107
2 0 7 25 37 55 62 80 95
3 0 8 20 14 3C 40 50 61
4 3 4 14 14 35 43 57 67
5 0 7 15 25 33 43 65 87
6 1 6 18 23 24 37 64 69
7 1 10 16 30 65 93 121 125
8 0 12 36 35 76 119 130 143

Intensity 3 Stratification <950 mb

£0T



TABLE E: RAWINSONDE CASE COUNTS FOR INTENSITY CHANGE STRATIFICATION

Radius
Octant
Number 0-1°0 1-3° 3-50 " 5-7° 7-9° 9-11° 11-13° 13-15°
1 0 5 17 37 49 64 107 119
2 0 6 16 28 41 40 48 59
3 1 10 15 20 31 40 42 42
4 0 10 20 28 46 51 51 58
5 1 8 18 30 44 46 61 64
6 1 2 14 18 34 43 51 70
7 0 7 19 24 34 68 97 121
8 0 6 21 26 45 72 103 149
Deepening Stratification
1 3 1L, 20 23 35 49 55 48
2 0 8 21 38 39 40 36 42
3 2 10 19 33 34 44 32 45
4 3 b 26 41 44 42 47 + 55
) 0 12 13 18 37 39 39 47
6 4 8 15 18 39 42 45 48
7 1 6 17 28 36 60 59 76
8 0 2 25 31 41 55 42 54
Filling Stratification

0T



TABLE F. RAWINSONDE CASE COUNTS FOR RECURVATURE STUDIES
dptnt 5-7 7-9° 9-11 11-13° 13-15° 15-17°  17-19° 19-21°
Number
1 1.7 2 30 43 42 51 73 52
2 4 14 20 12 24 14 10 12
3 6 7 13 9 12 1 4 1.
4 0 3 5 k) 4 4 1 1
5 5 3 8 2 8 2 5 3
6 7 9 6 14 15 13 5 8
7 5 5 8 7 7 7 15 11
8 4 11 13 18 19 28 28 26
(S - 12) Time Period
1 0 3 11 17 40 45 54 52
2 4 7 10 20 27 34 34 28
3 1 3 4 8 9 10 10 5
4 4 0 3 2 5 3 3 0
5 5 8 8 4 3 2 2 0
6 8 7 9 6 5 5 5 9
7 7 7 7 11 10 11 11 17
8 4 7 4 9 9 4 4 10
(8 = 36) Time Period
1 2 3 8 13 25 24 25 24
2 4 2 3 6 S 9 12 10
3 1 2 i 3 5 4 6 0
4 2 8 4 5 2 5 0 0
5 B 10 7 4 3 6 6 6
6 7 5 8 12 10 8 13 14
7 7 8 9 4 5 9 8 10
8 5 2 6 16 30 51 46 47

(S - 60) Time Period

SOT
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