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ABSTRACT

Ten years of rawinsonde data for 30 stations in the western North Pacific have been compositg.d rela-
tive to tropical cyclone center positions. This information is used to study tropical cyclone motion and
surrounding parameter relationships. Tropical cyclone motion and lower troposphere snrroum'img actual
and geostrophic flow fields from 1°-7° radius are very well correlated. This general correlation of sur-
rounding flow features applies equally well for cyclones with different directions of motion, speeds of propa-
gation, intensities and intensity changes. The 700 mb level best specifies cyclone speed. The 500 mb lev.el
best specifies cyclone direction. The steering flow concept of cyclone motion appears to be quite valid
in the statistical sense. These results may be useful to tropical cyclone forecasters.

1. Introduction

One of the most challenging problems in tropical
meteorology is that of forecasting the movement of
tropical cyclones. The relation of tropical cyclone
movement to its surrounding flow has been previously
examined 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 con-
centrated research and sophisticated forecasting tech-
niques, the 24 h prediction error of the National
Hurricane Center (Atlantic) and the Joint Typhoon
Warning Center (Pacific) remains at 100-125 n mi.
Vector forecast errors for 48 and 72 h are approxi-
mately 250 and 375 n mi, respectively. Because the
24 h 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 pos-
sible by a more thorough quantitative investigation
of cyclone motion and environment parameter rela-
tionships. This has been the purpose for this research.

2. Background

Tropical cyclone prediction methods can be classi-
fied in four categories:

1) Steering flow track prediction

2) Statistical track prediction

3) Numerical track prediction

4) Climatology-persistence track prediction.

! Capt. USAF. Present Affiliation; U, S. Air Force Global
Weather Center, Offutt AFB, Neb. 68113,

The steering concept hypothesizes that tropical cyclones
are vortices embedded in the basic environmental flow
and should thus move with the so called “steering
current.” This is an established forecasting concept.
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.

Many objective schemes for tropical cyclone fore-
casting have been developed using one or more of the
above prediction methods (see bibliography). Com-
bining all schemes and systems, it can be stated that
no one objective technique is superior at all times to
another. There is no agreement on a specific outer
steering current, although the majority of the schemes
use lower tropospheric data. Some schemes work well
for one storm, but poorly for another. The final fore-
cast at the National Hurricane Center (Atlantic) and
the Joint Typhoon Waming Center (JTWC) is a
result of subjective modification of the multiple
objective schemes. Although there has been improve-
ment in the 48-72 h forecast time frame, significant
improvement of the 24-36 h forecast has remained
difficult 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
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partially overcome. This study is so directed. It em-
ploys 10 years of rawinsonde data around tropical
cyclones in the western North Pacific. 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 subsets 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 charac-
teristics such as speed, direction of movement, inten-
sity, etc. With the abovementioned amount of 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 a new operational forecast scheme
might be developed using the findings of this study
with some possible improvement in track forecasting.

3. Data set and composite analysis
a. Compositing philosophy

The merit and requirement of rawinsonde com-
positing have been discussed previously by Williams
and Gray (1973) and Ruprecht and Gray (1974).
Basically, at one time period there are simply too few
rawinsonde stations in proximity to a tropical cyclone
to give enough data for a reasonably accurate sur-
rounding analysis. This is true for all cyclone regions
except possibly within the West Indies network. In

-
&g pRe 4

\....A - '.)‘L"}%:

F

JOHN E. GEORGE AND

WILLIAM M. GRAY 1253
the western North Pacific there is one region with
many typhoons where no rawinsonde station is avail-
able within a 600 n mi radius circle. The surrounding
observations that are available at regular time in-
tervals are often not representative of the inner
cyclone circulation. By compositing the rawinsondes
from many cyclones with similar characteristics over
many parts of the ocean, many of these data limita-
tions can be overcome and the basic physical processes
and relationships involved with the tropical storm
better understood.

b. Data composite technique

The data used in this composite study come from
10 years of rawinsonde reports (1961-70) in the
western North Pacific. The cyclone track data were
obtained from the Guam JTWC best-track informa-
tion. Fig. 1 shows the locations of the 30 stations
available for that period. The western North Pacific
has approximately 20 typhoons per year. Thus, over
a 10-year period, there are approximately 200 ty-
phoons. If each storm has approximately 6 days or
12 time periods of observations and 8 rawinsonde
stations surrounding it at each time period (within
25° radius), then over a 10-year period approximately
20 000 rawinsonde reports are available for the entire
data set. Within 15° radius there are about 9000
reports available around the storms as shown in
Fig. 2. As can be seen for the complete data set,
the azimuthal distribution of rawinsonde reports is quite
symmetrical at radii greater than 1°, and the number
of rawinsonde reports in each outer averaging area is
quite large.

A 15° radius circular grid is used for the com-
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F16. 1. Western North Pacific rawinsonde stations.
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F1c. 2. Compositing grid (15° latitude radius) with the number of
rawinsonde reports in each octant for the combined data set.

positing (see Fig. 2). Fach 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 deter-
mined at the station locations at 19 levels from the
surface to 50 mb.

The cylindrical grid consists of eight equal octants
of 45° azimuth and eight radial annualar zones ex-
tending from 0°-1°, 1°-3°, 3°-5°, 5°-7°, 7°-9° 9°-11°,
11°-13°, 13°-15°. These divide the grid into annular
segments 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 individual 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 statistics each
position of the moving storm and the ascending
balloon at each level is recomputed in the following
manner. The initial position of the storm is moved
back along its motion vector a distance equal to
30 min travel according to its previous 12 h mean
speed and direction of motion. This approximately
corrects the storm position to its location at actual

JOURNAL OF APPLIED

METEOROLOGY VoLuME 15
balloon release time as estimated from individual
sounding reports. A mean balloon ascent rate of 5 m's™!
is assumed, and a mean ascent time to each of the
upper pressure levels is computed. The position of
the storm changes 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 # and v wind components are
computed and the balloon position is corrected by

AX Pt ﬂiAti,
A Y,' = @'Ati.

Therefore, the balloon position for each sounding
changes at each level according to the observed winds.

¢. Data portrayal

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

1) With respect to the instantaneously fixed cyclone
center in a N-S or geographical coordinate system.

2) With respect to the cyclone center in a geo-
graphical coordinate system with the cyclone motion
subtracted out of all the winds (portrayal of data
relative to the moving cyclone center in geographical
coordinates).

3) With respect to the instantaneously fixed cyclone
center and the direction to which the storm is moving.

4) With respect to the cyclone center and the direc-
tion to which the storm is moving with the cyclone
motion subtracted out of all the winds (portrayal of
data relative to the cyclone center 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 mb.

d. Parameters composited

The following parameters are measured or com-
puted at each level in each coordinate system for
each sounding:

Wind parameters Thermodynamic parameters

H (height)
T (temperature)

# (zonal wind)
v (meridional wind)
g (tangential wind)
V (total wind).

These parameters are composited at each of the 64
grid spaces at each level.
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e. Storm motion® analysis coordinate system

From the basic coordinate systems described above
the following storm miotion coordinate system was
devised for this study. The grid (see Fig. 2) is rotated
to the direction of the cyclone motion so that in the
compositing technique the cyclone motion is always
at a zero or a 360° heading. From the data sample
in the two relevant grids (stationary and moving as
described in subsections 3¢3 and 3c4), two surrounding
center wind vectors at each of the 64 grid points
were defined and calculated. These vectors are defined
as the wind components perpendicular (Vy) and
parallel (V) to the cyclone motion. The two com-
ponent vectors of an example wind vector relative to
the cyclone are shown in Fig. 3. From these data
samples, an analysis was performed to determine the
relationships between the surrounding wind flow di-
rection and speed and the cyclone’s motion. As pre-
viously stated, the data were broken down into a
group of subsets or stratifications in order to detect
differences, if any, in the storm motion-surrounding
wind relationship for different storm characteristics.
Table 1 lists the stratifications which were made.

f. Definitions

To better clarify how these composites were made,
the following definitions are introduced:

(i) ROTated coordinate system (ROT)—Station-
ary 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.

(ii)) MOTion and ROTated coordinate system

. (MOTROT)—Same as the ROT system of (i)
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). ]
(v) Vyr—Same as (iii) except in the MOTROT
system.
(vi) Vir—Same as (iv) except in the MOTROT
system.

(iif)

(iv)

? Throughout this paper storm motion refers to the motion
of the cyclone center.
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Fic. 3. Parallel and perpendicular components of a wind vector
showing their relation to the storm motion vector.

(vii) Annular 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.

(viii) Vertical annular band—Horizontal radial bands
vertically integrated with respect to pressure
levels, i.e., the 1°-3° averaged band integrated
from 1000 to 100 mb, etc.

(ix) Horizontal multiple annular band—An area-
weighted average for two or more horizontal
radial bands, i.e., the 1°~7° radius band.

(x) Vertical multiple annular band-—Maultiple radial
bands integrated with respect to pressure levels,
i.e., the 1°-7° area-weighted radius band inte-
grated from 1000 mb to 100 mb.

TABLE 1. Stratifications.

1. Lat>20°N  All storms with a latitude position greater than
20°N.

2. Lat<20°N  All storms with a latitude position less than
20°N.

3. Slow Speed category for storms moving with a speed
between 0 and 3 m s™.

4. Moderate Speed category for storms moving with a speed
between 4 and 7 m s7L.

5. Fast Speed category for storms moving with a speed

greater than 7 m s,

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

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

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

Intensity category for storms with central pres-
sures between 1000 mb and 980 mb.

Intensity category for storms with central pres-
sures between 980 mb and 950 mb.

Intensity category for storms with central
pressures 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
central pressures were increasing at the time
of observation.

6. Direction A

8. Direction C
9. Intensity 1
10, Intensity 2
11, Intensity 3

12. Deepening

13. Filling
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STORM MOTION
VECTOR

ROT COMPONENT
VECTORS

F1G. 4. Relation between component vectors Vz and Vi to the
storm motion (ROT system).

The relation between the four component vectors
(ili)-(vi) above is described below. Fig. 4 depicts the
relation between the storm motion and the two com-
ponent vectors of a wind in the ROT system. Fig. 5
depicts the subtraction of the storm motilon vector.
which gives the new component Vpg. The normal
component (V) is not affected by the subtraction
since the grid is always aligned along the storm
motion. The magnitude of Vy and Vyp are thus the
same. For the parallel component in the MOTROT
system (Vig)

VietSu=Vi,

where Sy is the magnitude of the storm motion.

4. Motion composite results
a. 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 Figs. 6 and 7, 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 inten-
sity change. Cyclone asymmetry is greatest at the
radius of maximum winds which is located ~%° radius
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F1c. 5. Derivation of relative component vectors Viz and
Var for the MOTROT system. Note that Vy and Vyg are
identical.
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(Shea and Gray, op. c¢it.) from the storm center. In
examining the actual winds, it is seen that the asym-
metry 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 in the left octant rather
than the right. As Shea and Gray 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 dynamics imposed upon the normal
environmental horizontal height gradient which results
in the asymmetry.

b. Normal and parallel wind components of surrounding

Sflow

Figs. 8 and 9 depict the mean normal wind com-
ponent (Vyg) for the single bands through the atmo-
sphere 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

PRESSURE (mb)

SFC
-4 -3 -2 -1 O | 2 3 4 5 6
LEFT {ms™")

Fic. 8. Relative wind component vector normal (Vaz) to
the storm motion vector for the various radial band averages
and levels for the Lat>20°N stratification.
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F16. 9. As in Fig. 8, except for the Lat<20°N stratification.

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 results are obtained
for the other 9 stratifications.

Figs. 10 and 11 depict the parallel wind component
(Vir) 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 results are obtained for the nine other
stratifications. Thus, at a majority of radii and levels,
tropical cyclones are propagating faster than the mean
surrounding flow field. The consistency of storm move-
ment in relation to the surrounding wind is evident.

¢. Horizontal radial band vectors

Figs. 12 and 13 portray the vector addition of the
Vwr and Vig relative component vectors for the
individual bands at 700 mb. As above, the radial
bands are indicated by a single average radius. In
essence, these figures depict the individual band’s
average wind relative to the storm. It is seen that






