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ABSTRACT

An analysis of tropical cyclone forecast track errors shows that the largest errors are typically
associated with storms undergoing turning motion. This paper presents results obtained from a com-
posite study of tropical cyclones occurring in the West Indies during 1961-77. Storms which under-
went a left or right turn or moved straight for a period of at least 36 h were studied. Wind fields at
different levels in the atmosphere around these storms were investigated.

When a storm begins to turn, the environmental flow at 500 mb and the average tropospheric wind
(between 200 and 900 mb) around the cyclone at 5-11° latitude radius is cyclonic for a left tuming
and anticyclonic for a right turning storm. At 24-36 h before a storm makes a left turn, there exists a
large positive vertical wind shear around the cyclone between the upper (200 mb) and lower (900 mb)
troposphere in the direction of storm motion, while the opposite occurs with a right-turning storm.
Straight-moving cyclones do not show such a shear pattern. Statistical tests show that these results are
significant at the 95% level or higher.

Tropospheric mean temperature fields around 13 tropical cyclone tuming cases in the Atlantic and
Pacific Oceans derived from the Nimbus 6 microwave sounder data during 1975 were also studied.
Temperature gradients across these storms indicate (through the thermal wind relationship) vertical
wind shear profiles similar to those obtained from the composite.

These results suggest or verify previous ideas that 1) by measuring certain parameters around a storm
(sense of surrounding wind rotation, vertical wind shear between 200 and 900 mb, or gradient of
tropospheric mean temperature) one may be able to make a better 24-36,h forecast of cyclone
turning motion; 2) the turning motion of tropical cyclones is controlled by large-scale flow fields
surrounding them; and 3) there seems to be a time lag between the changes in the environment and
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the response of the storm center to such changes.

1. Introduction

To predict the turning motion of tropical cyclones
24-36 h in advance is very difficult and quite often
unsuccessful. Statistical prediction schemes (e.g.,
Hope and Neumann, 1970; Neumann and Lawrence,
1975) have great problems in forecasting such turn-
ing’ motion because of their strong emphasis on
climatology and persistence. Numerical models also
fail to predict cyclone turning motion most of the
time. As a result, the largest tropical cyclone track
forecast errors® are usually associated with storms
undergoing a turn. .

A detailed study of the characteristics of the sur-
rounding environment of cyclones undergoing turn-
ing motion may give insight into ways of devising
new schemes which may reduce forecast errors
associated with turning motion. This paper presents
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! Forecast error is defined as the deviation of the forecast
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information on the environmental flow patterns
around tropical cyclones prior to and at the time
when these storms undergo turning motion. It will
be shown that significant differences in the large-
scale surrounding wind-fields exist at 500 mb, and
also at 200 and 900 mb levels between left-turning,
straight-moving and right-turning storms. Tempera-
ture sounding data from the Nimbus 6 Scanning
Microwave Spectrometer also provide evidence of
some of these differences.

2. Forecast errors associated with turning motion

To examine this forecast problem more closely,
a special study of tropical cyclone forecast errors
occurring in the West Indies during the period
1961-77 was made.

a. Selection of cyclone tracks

The data sample consists of tropical cyclones
in the West Indies west of 55°W with maxi-
mum sustained winds = 18 m s~!. The direction of
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FIG. 1. Tracks of tropical cyclones used in this study which made a left turn. The asterisk on each track indicates the turn time
T. The solid circle is the 0000 GMT position (with the date next to it) and the open circle is the 1200 GMT position.

motion (D) of each storm at a standard time T in
hours (0000 or 1200 GMT) is defined as D(T). Three
turn classes were then chosen according to the fol-
lowing criteria:

Left-turning: D(T + 12) - D(T) < —-20°

=10° < D(T + 12) - D(T - 12)
< 10°

D(T + 12) ~ D(T) > 20°.

The time T was then defined as the turn time. In
this way, 16 left-turning, 33 straight-moving and 28
right-turning cases were chosen. Tracks of these
storms are shown in Figs. 1, 2 and 3.

Straight-moving:

Right-turning:

b. Forecast errors of sample storms

The 24 h National Hurricane Center (NHC)
official forecast errors issued for each storm at three
time periods [24 h before turn time (T — 24), the
turn time (T) and 24 h after turn time (T + 24)] were
analyzed. Table 1 gives the average result for each
turn class. The ‘‘special right turn’’ category con-
sisted of cases where the average 24 h forecast
error was greater than 350 km. It can be seen that a

considerable jump in the forecast error occurs at
turn time in comparison with the forecast error for
straight-moving cyclones. The forecast errors are
even larger for 16 of the 22 special right-turn
cases, jumping from 148 km before the turn to 417
km at turn time.

Fig. 4 shows the scatter of 24 h forecast posi-
tions made at turn time and the corresponding
verifying positions for each turn class. Table 2

TABLE 1. Average 24 h official tropical cyclone track forecast
errors (km) issued by the National Hurricane Center, Miami. T
is the time when the storm starts to turn, See text for further
explanation of turn classification. Note that the number of
analyzed cases are different from those mentioned in Section 2a
because forecast errors for some cases are not available.

24-h Forecast error (km)
for forecasts issued at
the following times

Turn classification T - 24 T T+ 24
Left turn (10 cases) 235 289 206
Straight (23 cases) 148 169 196
Right turn (22 cases) 178 324 239
Special right turn (16 cases) 148 417 245
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Fi1G. 2. As in Fig. 1 except for straight-moving tropical cyclones.

gives the average directional deviation of these
forecast positions from the verifying positions and
the extrapolated tracks. The forecast positions for
right-turning storms are nearly always to the left of
the actual storm track [Directional Deviation (DD)
= —38°]. They also tend to cluster around the
extrapolated position of the storm from its current
path (DD = 2°). The strong bias based on persistence
is evident. All forecast positions for left-turning
storms are to the right of the actual track (DD
= 50°). It is interesting to note that, on the average,
the forecast actually calls for a right-turn (DD from

TABLE 2. Directional deviation (DD) of the mean 24 h forecast
position made at turn time from the mean verifying position and
the mean extrapolated track. A positive number means the fore-
cast position is to the right of the verifying position or the
extrapolated track.

Directional deviation of forecast (deg)

Tum From mean From mean
classification extrapolated track verifying position
. Left turn 21 50
Straight 9 11
Right turn : 2 -38

extrapolated track is 21°). For straight-moving
storms the forecast, verifying and extrapolated posi-
tions are nearly the same. Although there are natural
limitations on the predictability of storm movement,
it seems obvious that the skill of forecasting turning
motion is not satisfactory. This is probably a result
of insufficient observational knowledge of the char-
acteristics of the cyclone’s surrounding environ-
mental flow patterns and their changes. It is apparent
that more research on cyclone turning motion is
needed.

3. Data compositing

Because of the scarcity of oceanic rawinsonde
data, representative information on the characteris-
tics of surrounding flow patterns of individual tropi-
cal systems is usually very deficient. To overcome
this severe data problem, a rawinsonde compositing
approach was employed. This averages data from
storm systems having similar turning characteristics.
The rationale behind this type of data compositing
has been discussed in a number of recent papers (e.g.,
Williams and Gray, 1973; Frank, 1977; and others).
Composited data samples enable reliable quantita-
tive analyses to be made, and allow meaningful
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FiG. 3. As in Fig. 1 except for right-turning tropical cyclones.

conclusions to be drawn about the ‘‘average’’ differ-
ences in the surrounding environment between dif-
ferent data sets. Compositing tends to suppress
random data noise and isolates mean characteristics
common to each composite class. Differences be-

tween turning classes (if present) will give hints to
forecasters as to which surrounding cyclone param-
eters to monitor in individual cases.

For each turn classification in Section 2a rawin-
sonde data at the following time periods were
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FIG. 4. National Hurricane Center 24 h forecast positions (denoted by +) made at the turn time for individual storms in
each class and their actual positions (denoted by open circles) at the time T + 24. The ® is the mean forecast position. The
dashed arrow is the 24 h mean forecast track. The solid arrow from T to T + 24 is the mean distance (and direction) the
storm has traveled during the 24 h. The dotted arrow indicates the average displacement of the forecast position from the

actual position.



782 MONTHLY

RIGHT TURN
/—T\‘\‘\k STRAIGHT
| : |7 LEFT TURN
' |
|
LI L
T-24

F1G. 5. Idealized picture of the three turn classes of tropical
cyclones and of the time periods prior to turn which were
composited.
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composited: when the storm starts to turn (turn
time, T), and 12, 24 and 36 h before turn time
(T — 12, T — 24and T — 36respectively), as shown
schematically in Fig. 5. Rawinsonde stations used in
the data compositing are shown in Fig. 5.

Compositing is performed on a 15° latitude radius?
cylindrical grid consisting of eight octants and eight
radial bands, as shown in Fig. 7. The center of the
grid corresponds to the storm center. The grid is
rotated so that octant 1 is aligned along the direc-
tion of storm motion. See George and Gray (1976)
for a more detailed description.

2 Hereafter, all distances are referred to in degrees latitude
(1° latitude = 111.1 km).
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F1G. 6. Northwest Atlantic rawinsonde data network.
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FiG. 7. Grid used for compositing rawinsonde data. The
arrow points in the direction of storm motion. Outer numbers
denote octants. Numbers inside grid indicate distances from the
center in degrees latitude.

Each wind vector is resolved into two components,
one parallel to the direction of storm motion (V;)
and one normal to it (Vy), as shown in Fig. 8. All
wind observations falling within a particular octant
and radial band are averaged to give the composite
V, and Vy within that sector. These types of
rawinsonde averaging processes are described in
greater detail by Frank (1977).

4. Surrounding flow at turn time

It has been known for many years that tropical
cyclone motion is well related to mid-tropospheric
surrounding wind patterns. In a composite study of
tropical cyclone motion stratified according to direc-
tion, latitude, speed, intensity and intensity change,
George and Gray (1976) found that S00 mb is the best
steering level for direction and 700 mb is the best for
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Fi1G. 8. Parallel (V,) and perpendicular (V) components of
a wind vector showing their relation to the storm motion
vector.

cyclone speed. To better refine the present knowl-
edge of the steering flow associated with cyclones
undergoing turning motion, composite flow fields
at 900, 700, 500 and 200 mb at turn time were
analyzed. Although 500 mb is found to be the best
steering level, flow fields at the upper (200 mb) and
lower (900 mb) tropospheric levels also appear quite
useful.

a. Flow field at 500 mb ‘

Fig. 9 shows the composited 500 mb streamline
patterns at turn time for the three turning classes.
The flow field ahead of the storm can be seen to be a
very good indicator of current directional change.

The Vy components of the winds at 500 mb in the
front and back octants are shown in Fig. 10. The
number next to each arrow indicates the magnitude
of the Vy component (m s™!) averaged between
5—11° radius. For each classification, if a weighted
average of Vy in the front three and back three octants
[Vy in octants 1 (front) and S (back) dre given a
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F1G. 9. 500 mb streamlines for the three turn classes at turn time. Open arrows indicate the instantaneous direction of storm motion.
Solid arrows indicate the movement of the storm during the next 12 h.
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F1G. 10. Sum of V [wind component (m s~!) normal to direction of storm motion] at 500 mb within
5-11° radii from the storm center in various octants at the turn time T. The length of the arrow is
proportional to the magnitude of the wind. See text for description of the averaging process.
Open arrows indicate the instantaneous direction of storm motion and solid arrows the movement

of the storm during the next 12 h.

weight of 1 and those in the right and left octants a
weight of 0.5] is calculated, the front octant aver-
age minus the back octant average will give a hori-
zontal Vy shear value. This is shown at the bottom
of the figure. These shear values are significantly
different between the three turn classes and they
well infer turning motion at turn time.

With decreasing oceanic middle level rawinsonde
and propeller aircraft data, such 500 mb level
‘information on individual cyclone cases is usually
not available. Since upper and lower tropospheric
wind data are becoming more available with time
from satellite and jet aircraft observations it may be
more useful to try to establish steering flow relation-
ships at upper and lower tropospheric levels.

b. Upper and lower tropospheric flow

The 5-11° radius average of the front and back
octants V (200 mb) and Vy (900 mb) for the three
turn classes at turn time is shown in Fig. 11. The
differences in horizontal V shear values between

turn classes follow the same trend as those at
500 mb. Thus, it seems possible to use the average
200 and 900 mb winds to infer turning motion at
turn time.

5. Surrounding flow before turn time

A study of the composite Vy flow fields 24 or
36 h before turn time at various levels reveals no
significant differences between the turn classes. The
Vp component of the wind at 500 mb and the upper
(200 mb) and lower (900 mb) troposphere, however,
shows important relationships with cyclone turning
motion 24-36 h before it takes place.

a. 500 mb flow

The Vp components of the winds (parallel to the
direction of storm motion) at 500 mb in the front
left (2), back left (4), back right (6) and front right
(8) octants are found to best correlate with turning
motion 2436 h before turn time. These components

LEFT STRAIGHT RIGHT
4 10 16
I 13 I
7 7 I
(FRONT AVERAGE)
-(BACK AVERAGE) =95 +13 +22
Fi1G. 11. As in Fig. 10 except Vy is the sum of the average winds between 200

and 900 mb at the turn time (T).






