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ABSTRACT

This paper presents results of a comprehensive study of the relationship between the movement of tropical
cyclones and the large-scale circulation which surrounds them. Cyclones have been stratified by direction
and speed of movement, latitude, intensity change and size (as determined by the radius of the outermost
closed surface isobar) in three ocean basins: the northwest Pacific, the west Atlantic and the Australian~
South Pacific region. Twenty-one different stratifications are available in the northwest Pacific, 13 in the
west Atlantic and 6 in the Australian-South Pacific area. Cyclone movement and surrounding flow rela-
tionships were studied at different pressure levels and a variety of radii. Pressure-weighted layer-averages
were also analyzed in search of such relationships.

Results show an important relationship between surrounding large-scale flow and tropical cyclone move-
ment. For all stratifications, the winds in the mid-troposphere (500-700 mb) at 5-7° latitude radius from
the cyclone center have the best correlation with cyclone movement. Tropical cyclones in the Northern
Hemisphere move ~10-20° to the left of their surrounding mid-tropospheric flow at 5-~7° latitude radius,
and those in the Southern Hemisphere move ~ 10° to the right. It is also found that cyclones, in general,
move ~1 m s~ faster than this flow. These general relationships appear to be modified by the vertical shear
of the environmental wind, the zonal component of the cyclone velocity and other characteristics of the
cyclone. The mean tropospheric flow (surface to 100 mb) at 5-7° latitude radius also correlates well with
cyclone movement in most cases. For cyclones embedded in an environment with relatively small vertical
wind shear, the mid-tropospheric flow is as good a descriptor of cyclone motion as the mean tropospheric
flow. The average wind between the upper (200 mb) and lower (900 mb) troposphere also appears to correlate
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reasonably well with cyclone movement,.

1. Introduction

It has long been observed that the movement of
a tropical cyclone can be described, to a large extent,
by the synoptic-scale flow surrounding the cyclone.
These observations have led to the steering-flow the-
ory of cyclone movement. It appears that a tropical
cyclone can be considered as a point vortex embed-
ded in an air current such that the direction and speed
of the center can be approximated by those of its
surrounding winds, or equivalently, the pressure or
height gradients across the cyclone. The pressure level
at which the speed and direction of the surrounding
winds best correlate with those of the cyclone is called
the steering level.

Based on this theory, a number of tropical cyclone
track forecasting schemes have been developed, e.g.,
Riehl and Shafer (1944), Miller and Moore (1960),
Tse (1966) and Renard ez al. (1973). For a detailed
description of these methods, the reader is referred
to the WMO Tropical Cyclone Project Report (WMO,
1979). Although different forecast schemes employ
different steering levels, it is generally accepted that
the mid-tropospheric levels (700 and 500 mb) are the
best for predicting tropical cyclone movement. At-
tempts to use winds and heights at upper tropospheric
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levels (see, e.g., Jordan, 1952; Miller, 1958) have not
been as successful. No unified conclusion can be
drawn from all these schemes on the location (relative
to the cyclone center) at which one should measure
the surrounding winds or height gradients to get the
best description of cyclone movement for all classes
of cyclones. This diversity exists because the data
samples used in these studies have, in general, not
been large and the variety of cyclone types have not
been extensive.

A more comprehensive study on the steering flow
problem is therefore necessary in order to determine:

1) Which level(s) is/are the best steering level(s);

2) How far from the center of the cyclone the sur-
rounding flow best correlates with the movement of
the cyclone; and

3) If this correlation varies among cyclones in dif-
ferent oceans, with different directions and speeds of
movement, at different latitudes, of different inten-
sities, intensity changes and sizes, etc.

George and Gray (1976) established the statistical
relationship between the movement of northwest Pa-
cific tropical cyclones and their surrounding winds
averaged between 1-7° latitude radius from the cy-
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TABLE 1. Description of stratifications of tropical cyclones in
the northwest Pacific. All cyclones under study had a maximum
sustained wind speed Vx> 18 m s™!. The number of rawinsonde
soundings in each group of stratifications within the 5-7° latitude
radial band is ~1000. CD is cyclone direction, CP is central pres-
sure, ROCI is radius of outermost closed surface isobar averaged
around the cyclone to the nearest whole degree latitude, and ¥V, is
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TABLE 2. As in Table 1, except for tropical cyclones in the west
Atlantic. The number of rawinsonde soundings in each group of
stratifications within the 5-7° latitude radial band is ~900.

Stratification Description

Latitude:

cyclone speed.

Stratification

Description

Latitude:
North cyclone
South cyclone

Speed:
Slow cyclone
Moderate cyclone
Fast cyclone

Direction:
Westward cyclone
Northward cyclone
Eastward cyclone

Intensity:
Weak cyclone
Intense cyclone
Very Intense cyclone

Intensity change:
Deepening north
cyclone

Deepening south
cyclone

Filling north cyclone

Filling south cyclone

Latitude of cyclone >20°N
Latitude of cyclone <20°N

Cyclone speed V. < 3 m s™!

4ms'<V,.<Tms™
Ve>Tms™!

250° < CD < 310°
310° < CD < 350°
350° < CD < 60°

980 mb < CP < 1000 mb
950 mb < CP < 980 mb
CP < 950 mb

CP decreasing at time of
observation; latitude of cyclone
> 20°N

CP decreasing at time of
observation; latitude of cyclone
<20°N

CP increasing at time of
observation; latitude of cyclone
>20°N

CP increasing at time of
observation; latitude of cyclone
<20°N

Region I cyclone*

Region II cyclone*

Speed:
Slow cyclone
Fast cyclone

Direction:
Northward cyclone
Westward cyclone

Intensity:
Hurricane
Tropical storm

Size and intensity:
Small tropical storm

Large tropical storm
Small hurricane
Large hurricane north

Large hurricane south

Location: latitude < 18°N,
longitude > 45°W; or latitude
< 22°N, 75°W < longtitude
< 87°W

Location: 18°N < latitude
< 35°N, longitude = 45°W
except those already included
in Region I

CD 316°-45°
CD 225°-315°

Veax = 33 ms™!
1I8ms' < Vyax<33ms™!

18ms' < Vi <33ms™';
1° < ROCI < 3°

18ms' < Vpuu<33Ims™
ROCI = 4°

Vmax = 33 ms™'; 1° < ROCI
<3°

Latitude of cyclones > 25°N
Vepax = 33 m s} ROCI > 4°

Latitude of cyclones < 25°N
Vmax = 33 m s7!'; ROCI = 4°

* See Fig. 2 for a more detailed description of the regions.

Size and intensity:
Small tropical storm 980 < CP < 1000 mb;
1° < ROCI < 3°
980 mb < CP < 1000 mb;
4° < ROCI < 5°
980 mb < CP < 1000 mb;
ROCI = 6°
CP < 980 mb; 1° < ROCI < 3°
CP < 980 mb; 4° < ROCI < 5°
CP < 980 mb; ROCI = 6°

Medium tropical storm
Large tropical storm
Small typhoon

Medium typhoon
Large typhoon

clone center. They found that over this broad radial
belt, the 500 mb winds have the strongest correlation
with the direction of cyclone movement, while the
700 mb winds best correlate with cyclone speed. Gray
(1977) presented a similar composite analysis of the
winds at 1-7° radius around west Atlantic tropical
cyclones. The results were in general agreement with
those obtained by George and Gray (1976). Since the
area over which the winds were averaged includes
both the cyclone circulation and part of the environ-
mental flow, this radial belt, therefore, will not pro-
vide the best description of the relationship between
the movement of a cyclone and its environmental

winds. Furthermore, due to the usual lack of upper
air data around the cyclone center, it is typically im-
possible to apply these results to describe the move-

ment of an individual cyclone.
The present study is an extension of these two pre-

TABLE 3. As in Table 1, except for tropical cyclones in the Aus-
tralian-South Pacific region. The number of rawinsonde soundings
in each group of stratifications within the 5-7° latitude radial band

is ~500.

Stratification

Description

Direction:
Eastward cyclone

Westward cyclone
Intensity and region:

All hurricanes
Coral Sea hurricanes

Coral Sea tropical storm

West Australian
hurricane

CP < 990 mb; 40° < CD
< 150°

CP < 990 mb; 210° < CD
< 320°

CP < 990 mb

East of 136°E; CP < 980 mb

East of 136°E; 980 mb < CP
< 995 mb

West of 136°E; CP < 980 mb
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FIG. 1. Northwest Pacific rawinsonde stations.

vious analyses. Composite wind data over an area
(5-7° latitude radius from the cyclone center) outside
the strong inner circulation of the cyclone were cor-
related with cyclone movement in the west Atlantic,
northwest Pacific and Australian-South Pacific re-
gions. More stratifications for both west Atlantic and
northwest Pacific cyclones have been included to test
the validity of the conclusions in the two previous
studies. Data at individual levels, as well as mean
layer averages, were studied and compared for data
sets with different characteristics. A combination of
the winds in the lower (900 mb) and upper (200 mb)
troposphere was also analyzed to more thoroughly
test the idea of using upper and lower tropospheric
winds to describe and predict cyclone movement as
suggested by Chan et al. (1980). It is important to
test this relationship because satellite-derived wind
data at lower and upper tropospheric levels have be-
come increasingly available.

2. Methodology and data stratifications

Because of the scarcity of data over the oceans
where tropical cyclones spend most of their lifetime,
the only way to obtain quantitative and representative
results is to composite data around cyclones with sim-
ilar characteristics so that a more even coverage of
data can be obtained. Although such a procedure
undoubtedly smooths out features particular to in-
dividual cyclones, those characteristics that are com-
mon to all cyclones in the same stratification should
be isolated. In addition, random noise from the data
will be largely eliminated through the process of av-
eraging. A more detailed description of this compos-
iting philosophy can be found in Williams and Gray

(1973), Frank (1977), Gray (1981) and other Colo-
rado State University tropical cyclone research re-
ports. Corrections for balloon drift and mass-balance
were made in the same way as described in these
papers and reports.

a. Stratification of the cyclones

Tropical cyclones with maximum sustained wind
speed (Vpa) = 18 m s7! in the northwest Pacific
(1961-1970), west Atlantic (1961-1974), and Aus-
tralian-South Pacific (1961-1970) oceans were stud-
ied. The cyclones were stratified according to their
direction and speed of movement, latitude, intensity,
intensity change and size. These stratifications are
listed in Tables 1, 2 and 3.

b. Compositing technique

Wind data from rawinsonde stations shown in Figs.
1 (northwest Pacific), 2 (west Atlantic) and 3 (Aus-
tralian—-South Pacific region) were composited around
cyclones for the stratifications listed in Tables 1-3
using the circular grid shown in Fig. 4. The center of
the grid coincides with the cyclone center. The grid
has a radius of 15° latitude! with eight radial bands.
Each radial band is divided into eight equal segments
(octants) and numbered from 1 to 8 in a counter-
clockwise fashion, with Octant 1 always being in front
of the cyclone.

The +6 h (from current position) best-track posi-
tions were used to determine the direction and speed
of cyclone movement. Each parameter (in this case

! Hereafter all distances will be referred to in degrees latitude
(1° latitude = 111.1 km).



OCTOBER 1982

JOHNNY C. L. CHAN AND WILLIAM M. GRAY

1357

ha . .

-0

D=

" Station Data Availabiity

T HeRE, ,CTOOZM'YIﬁan"' WELESMAN - . T . o
. Bso-oo% L1122 only X N BUARAMAS/PIARC
' W >%0% Ooozawrz ; ANF TR o
R \__;/\a.
1 D R S | |
EQUATOR% "

R A 8 N o Lo we b o £ N U

i ¢ n-h,-

. 4 ¥ an /—)/‘N\k_&,vf {f" LRy,

FIG. 2. West Atlantic rawinsonde stations.

the wind components), for all soundings, falling
within any given grid box for a stratification is then
averaged. This average value is assigned to the mid-
point of the grid box giving 64 values of each param-
eter at each pressure level.

The wind vectors were resolved in two coordinate
systems. The first system involves resolving each wind
observation into a parallel component (Vp) along the
direction of cyclone movement and a component
normal (V) to this direction, as shown in Fig. 5. This
will be referred to as the ROTated (ROT) system. In

order to study the environmental flow relative to the

cyclone, a second coordinate system is used in which
the speed of the cyclone V. was subtracted from the
parallel wind component (V) for each sounding. The
composite method was then applied to the difference
Vp — V- which is labeled as Vp,, (see Fig. 6). This will
be referred to as the MOTROT (for MOTion-
ROTated) system. The normal component Vy is the
same as in the ROT system. See George and Gray
(1976) or Chan et al. (1980) for a more detailed de-
scription of these two coordinate systems.

3. Relationship between the surrounding flow and the
direction of tropical cyclone movement

A convenient parameter to describe the relation-
ship between the surrounding flow and the direction
of movement of tropical cyclones is the difference
between the direction of the surrounding wind and
that of the cyclone. If the ROT system is used, this
Directional Difference (DD) is given by

DD
arctan (Va/Vp), Ve>0
= arctan (VN/VP) + 1800, VN > 0, Vp <0 R
arctan (Vy/Vp) — 180°, Vy <0, Vp<0

(1

where Vy and V; are the components of the com-
posite wind normal and parallel to the direction of
cyclone movement. The parameter DD therefore rep-
resents the deviation of the composite wind in a par-
ticular octant and radial band from the direction of
movement of all tropical cyclones in a particular
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FiG. 3. Australian-South Pacific region rawinsonde stations.

stratification. A positive value of DD means that the
cyclone is moving to the left of the composite wind.

The basic assumption in the steering-flow theory
is that the vortex and its environmental circulations
do not interact. If this is the case, the directional dif-
ference at the steering level should be approximately
the same for cyclones with different characteristics.
Under this assumption, the steering level can be de-
termined by studying the scatter of the values of DD
for data sets in-the same ocean at each pressure level.
The level and radius with the least amount of scatter
is then assumed to be the steering level. Mid-tropo-
spheric (700-500 mb) data 5-7° from the cyclone
center appear to best satisfy this criterion. This is not
surprising, since forecasters have traditionally found
these to be the best steering levels.

To make use of this information in practice, re-
connaissance flights will have to be made to measure
winds at these levels because most of the time, few
or no rawinsonde observations are available around
a cyclone. Such flights, however, are not routinely
flown. A plausible alternative may be to use 200 and/
or 900 mb winds which can often be derived from
satellite pictures. An examination of the rawinsonde
data shows that the values of DD at these two levels

T STORM DIRECTION

OCTANT NO. |

FiG. 4. Grid used for compositing rawinsonde data. Arrow points
in the direction of storm motion. Quter numbers denote octants.
Numbers inside grid indicate distances from the center in degrees
latitude. -

.
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FIG. 5. Parallel (Vp) and perpendicular (Vy) component of a
wind vector showing their relation to the storm motion vector in
the ROT system.

vary significantly between the different stratifications.
However, if the V’s and V5's at these two levels are
averaged and substituted into Eq. (1), the values of
DD are quite consistent among data sets. This may
prove to be rather useful in areas where only satellite-
derived winds are available.

In some of the track forecast schemes, layer-aver-
aged winds are used to represent the steering current
(see, e.g., Riehl and Burgner, 1950; Jordan, 1952;
Miller, 1958; Sanders and Burpee, 1968). To see if
this idea would yield better results than “single-level
steering,” layer-averaged deviations (pressure-
weighted) have also been computed.

One problem in steering flow studies is that the
environmental flow around the cyclone might not be
uniform. That is, each part of the cyclone may be
subjected to a different current. The best way to avoid
this problem is to consider the mean surrounding
flow, i.e., by relating cyclone movement to the av-
erage flow around a radial band. To calculate the
radial band average of DD, the values of Vy and Vp
in each of the eight octants are averaged to obtain
mean Vy (or V) and mean V, (or V) values. Eq.
(1) is then applied using Vi and V5 to give the radial
band average of DD (or DD). The value DD therefore
represents the difference between the direction of the
mean wind in a particular radial band and that of the
cyclone. This was done for all radial bands at each
individual pressure level. As mentioned above, the
smallest scatter in the values of DD appears 5-7°
from the cyclone center. Therefore, only data at this
radius will be presented.

a. Variation with height
1) NORTHWEST PACIFIC

Fig. 7 shows a plot of the 5-7° belt average winds
in the ROT coordinate system at different levels for
all data sets in the northwest Pacific. These winds
were plotted using the values of V5 and V,. The
direction of cyclone movement is towards the top of
the figure. This figure shows that for all data sets, the
cyclone is moving to the /eft of the mean wind di-
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rection at all cyclonic levels (below 300 mb) except
near the boundary layer (below 900 mb). The least
variability between data sets appears to be in the mid-
troposphere. More variability exists both at the an-
ticyclonic levels (above 300 mb) and in the boundary
layer.

The actual variations of the belt average deviation
of (DD) with height for all the data sets in the north-
west Pacific are shown in Fig. 8. A positive number
means _that the cyclone is moving to the left of the
mean wind. It can be seen that for most of the data
sets, the values of DD do not vary much throughout
a large portion of the troposphere. This suggests that
the average flow around most of these cyclones does
not have much directional wind shear in the vertical.
If the values of DD at different levels are compared
among all the data sets, the ones in the mid-tropo-
sphere (500-700 mb) show the least amount of vari-
ation. This is apparent from Fig. 8. For a detailed,
quantitative comparison, the reader is referred to
Chan and Gray (1982).

Focusing at the middle levels, some variations
within each category of cyclones can be seen in Fig.
8. Cyclones at latitudes north of 20°N seem to move
more to the left of the mean wind than those south
of 20°N. Similar results have also been obtained by
Brand et al. (1981). DD values of slow-moving cy-
clones appear to be the largest among the speed com-
posites. Westward-moving cyclones appear to move
less to the left of the mean wind than northward- and
eastward-moving cyclones. As a cyclone increases in
intensity, it seems to move more to the left of the
mean wind. The value of DD also appears to increase
with the size of the cyclone.

Although variations exist, a general consistency
between data sets (which have widely different char-
acteristics) in the mid-troposphere is still remarkable.
These results might suggest the general applicability
of the steering flow theory at the middle levels. How-

3
4
(8]
w
I} >
CYCLONE 3. AV ACTUAL
MOTION 51 P WIND
VECTOR g VECTOR
w |
Ve & |
ol
o
ol
w !
° i
g !
5 |
g1 W
= = -
TR
3 VVPM ==

WIND VECTOR RELATIVE TO
CYCLONE MOTION

(MOTROT SYSTEM)

FIG. 6. Illustration of the MOTion-ROTated (MOTROT)
coordinate system.






