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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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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.
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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).
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FiG. 12. Sum of 500 mb V, [wind component (m s~!) parallel to direction of storm motion]
within 5-11° radii from the storm center in octants 2, 4, 6 and 8 for the three turn classes at 24 h
(T — 24) and 36 h (T — 36) before turn time. The heavy arrow indicates the direction of storm
motion. See text for description of calculating the front and back shear.

are shown in Fig. 12. At 24 h before turn time (T
— 24), there exists at the front of the storm a strong
cyclonic shear of V, [Vp(right) — Vp(left)] for the
left-turning storms. This shear is denoted by AV,/
An, where An represents the distance between
octants 2 and 8 or 4 and 6. This front V, shear is
about zero for the other two turn classes. Behind
the cyclone, the right minus left V, shear is cyclonic
for all three classes. The magnitude of this Vp shear
is largest for right-turning storms. Subtracting the
Vp right minus left shear behind the storm from that
in front of the storm, that is, [(Vp, — Vp,)/An
= (Vps — Vp)/An], where the numeric subscripts
denote octant numbers, a front minus back Vp shear
can be obtained which might be used to identify
turning motion 24 h before it takes place: a positive
value for left-turning, small negative for straight-
moving and large negative value for right-turning.

At 36 h before turn time (T — 36) a similar differ-
ence in the front minus back V, shear exists between
the three turn classes, as indicated in the lower half
of Fig. 12. Notice that the front minus back V, shear
for straight-moving storms at T — 36 is the same as
that for left-turning storms at T — 24. This appears
to reduce the distinguishing power of this shear to
forecast turning. However, given the current low
skill of forecasting turning motion, this 500 mb shear
information may still be useful. '

If aircraft reconnaissance flights were available
to better measure these middle-level outer radius

shear patterns, then an improvement in forecasting
turning motion might result. Such aircraft recon-
naissance requires special propeller aircraft capa-
bility and will likely be unavailable in many or most
cyclone forecast situations. By contrast, satellite-
derived winds in the upper and lower troposphere
should be more easily available.

b. Upper and lower tropospheric flow

The component of the 200-900 mb vertical wind
shear parallel to the direction of storm motion
24-36 h before turn time is significantly different
between the three turn categories.

Fig. 13 shows the average V, wind within 7-11°
radius® from the storm center in octants 1 (front)
and S (back) at 200 and 900 mb 24 h before the turn
time (T — 24). In front of the storm, right-turning
cyclones show a large negative wind shear between
these two levels [Vp(200 mb)-Vp(900 mb)] while
both left-turning and straight-moving storms have
positive wind shear values. Behind the storm, the
vertical wind shear is negative for straight-moving

3 The reasons for using 7—11° are twofold: 1) since this flow is
related to directional change of the storm 24-36 h ahead, one
would expect this relation to be more significant further out from
the storm center, where the environmental steering flow in-
fluences are much more dominant than that of the storm, and
2) the value of V in this radial band correlates best with the direc-
tional change of the storm.
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FiG. 13. Cross-sectional view of the average Vp wind components (m s™') at 200 and 900 mb
within 7-11° radii from the storm center in octants 1 and 5 24 h before turn time (T — 24). The
circled numbers are the values of the vertical wind shear [V (200 mb)~-V (900 mb)].

storms and slightly positive for the other two turn
classes. The average front and back vertical wind
shears in the direction of storm motion are 7, —1
and —6 m s™! for left-, straight- and right-moving
cyclones, respectively. The same shear values at
T — 36 are 3, 0 and —10 m s ! (see Fig. 14). Thus,
for left-turning storms the net vertical wind shear in
the direction of storm motion in octants 1 (front)
and 5 (back) is positive. The shear is about zero

for a straight-moving storm and negative for a right-
turning storm.

Such differences in tropospheric vertical wind
shear between the turn classes only exist 24 and 36 h
prior to turn time (Fig. 15). This shear difference
does not show up as the storm approaches its turn
time. Wind shear values at T — 48 and before cannot
be obtained because of the lack of cases.

Thus, if one is able to obtain winds in the upper

LEFT STRAIGHT RIGHT
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~STORM MOTION @ @ T-24
900 mb 2 o 5
200 mb. - 4 -4
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F1G. 14. Cross-sectional view of the sum of average V, wind components (m s~') within 7-11° radii
from the storm center in octants 1 and 5 at 200 and 900 mb at 24 h (T — 24) and 36 h (T — 36) before
turn time for the three turn classes. The circled numbers are the values of the vertical wind shear

[ V(200 mb)—-V (900 mb)]. -
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and lower troposphere around a storm (for example,
from satellite observations), it may be possible to
better anticipate cyclone turning motion 24-36 h
before it takes place.

c. Individual case analysis

To see how valid the composite results are for
individual turning storms, the Vp vertical shear de-
scribed in the previous section for individual cases
in the sample was also studied. Individual case
analysis is severely handicapped by data avail-
ability. Wind and height data must be interpolated
from analyzed weather maps. Nevertheless, an at-
tempt was made to evaluate this vertical shear
parameter [V (200 mb)-V (900 mb)] for individual
turning situations. The 200 mb winds were estimated
from the height contours, using the geostrophic
wind relationship. If there were no contour maps
an estimate was made from the 200 mb streamline
analysis. If neither was available, the case was not
analyzed. The 900 mb winds were estimated from
either the 3000 ft PIBAL maps or from the NHC
ATOLL (top of the Ekman Layer) maps. If neither
was available, an estimate was made from surface
pressure maps, again using the geostrophic wind
relationship. These methods restricted the analysis
of the V, vertical wind shear to only about two-
thirds of the individual cases in the sample.

Fig. 16 shows the shear values obtained at both
T — 24and T — 36. Although there is a large spread
in the vertical wind shear for each classification
(which is to be expected because of the inherent
data uncertainties) a relationship between the verti-
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F1G. 15. Vertical wind shear for different time periods. The
ordinate is the value of the average vertical wind shear (m s™')
within 7-11° radii from the storm center in octants 1 and 5.
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F16. 16. Vertical wind shear between 200 and 900 mb at T — 24
and T — 36 time periods for individual storms. The ordinate is
the same as in Fig. 15. Each cross represents the wind shear
value from one individual storm. Equal values of the wind shear
are plotted next to each other. The dashed lines indicate the
threshold values described in the text.

cal wind shear and the turning motion, similar to
the one in the composite, does show up.

To make sure that the results for these individual
cases are not due to random chance, a ¢ test was
performed on the three samples of individual storms.
The results for both T — 24 and T — 36 are shown
in Table 3. The symbols are defined as follows:

number of cases in which the vertical wind
shear parameter can be estimated

x sample mean vertical wind shear

" average vertical wind shear of all three cate-
gories of storms from composite data
(assumed to be the population mean)

s standard deviation of the sample

t(95%) value of ¢t at 95% significance level given in

Panofsky and Brier (1958).

It is seen that the mean vertical wind shears for
both the left- and right-turning cases are significant
at the 95% level. This lends confidence to the
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TABLE 3. The ¢ test of the vertical wind shear parameter on the three samples of individual storms for both
T — 24 and T — 36. Symbols are defined in the text.

Turn }
classification N X " s t=|x - p|(N - D2 1(95%)
T-24
Left-turning 11 7.18 0 8.67 2.62 2.23
Straight-moving 20 -0.45 0 4.54 0.43 2.09
Right-turning 18 -8.72 0 5.07 7.09 2.11
T - 36
Left-turning 11 6.23 -2.33 10.27 2.64 ' 2.23
Straight-moving 14 -1.71 -2.33 4.60 0.49 2.16
Right-turning 15 -10.33 -2.33 6.39 4.68 2.15

conclusion that tropospheric vertical wind shear can
be used as an indicator of turning motion 24-36 h
before such motion occurs.

If we set threshold values for the 200-900 mb
Vp vertical wind shear as

>5, Left turn
—5t0 5,
< -5,

Straight
Right turn

it is found that 64% of the left-turning storms have
vertical wind shears > 5 for both T — 24 and
T — 36 time periods. For the straight-moving
storms, 77% occurred within the range at T — 36
and 75% at T — 24. For the right-turning storms 87%
have vertical wind shears <-—5at T — 36 and 72%
at T — 24. The present level of success in fore-
casting turning motion is considered to be signifi-
cantly less than this, as evident from the scatter of
forecast points shown in Fig. 4.

Since the techniques in deriving lower and upper
tropospheric winds from (geostationary) satellite
observations are improving, the information on
such vertical wind shear should become more avail-
able as time goes on and there may be hope for an
improvement in future turning motion forecasts.

6. Study of satellite temperature sounding data

The vertical wind shear structure described in
Section 5 should be related through the thermal
wind relationship to the mean tropospheric tempera-
ture differences across these storms. An estimate
of the magnitude of the temperature gradient can be
obtained from the thermal wind equation

-1
AT _ f_[ln(!’_l)} Vo
An R D2

where An is the horizontal distance across which a
temperature difference AT is measured, V; is the
thermal wind, or in this case, V(200 mb) — V(900
mb), p; = 900 mb, p, = 200 mb, f is the Coriolis
parameter and R the gas constant. If we assume f
to. be 5 X 1073 s (corresponding to 20°N) and

(D

An = 18° latitude, then for a vertical wind shear of
10 ms7%, AT = 2.2 K.

To investigate the existence of such a horizontal
temperature gradient, temperature sounding data
from the Nimbus 6 Scanning Microwave Spectrom-
eter (SCAMS) of 1975 were examined. Since this
sounder can resolve tropospheric temperature gradi-
ents of the above magnitude, we should expect the
sounder data to be able to help specify turning
motion.

a. The Scanning Microwave Spectrometer

The SCAMS on board the Nimbus 6 polar-orbit-
ing satellite is a five-channel instrument sensing
radiation nominally at 22.235, 31.65, 52.85, 53.85
and 55.45 GHz (Staelin er al., 1975a). The latter
three frequencies are used for sounding the atmos-
phere, while the first two are used to infer vertically
integrated atmospheric water vapor and liquid water
content. The Nimbus 6 spacecraft is in a sunsyn-
chronous (1130 and 2230 Local Time) near-polar
orbit at an altitude of approximately 1100-km. The
SCAMS instrument scans across the spacecraft
track in 13 steps at increments of 7.2° in the scan
angle each 16 s which results in a spatial resolution
of 145 km near nadir, degrading to 200 km down-
track by 360 km crosstrack at the maximum scan
angle (Staelin er al.; 1975a). Approximately 400
individual soundings can be obtained within 15° of
the center of a tropical ¢yclone for each 12 h period.

b. Tropical cyclones analyzed

A total of 13 cases® (11 individual storms) in both
the Pacific (northeast and northwest) and Atlantic
Oceans during 1975 were examined. As explained
in Section 2a, only cyclones with maximum sus-
tained wind = 18.0 m s~! were included. The tracks
for these storms are shown in Fig. 17. The distribu-
tion of storms in each turn class is given in Table 4.
Satellite data were categorized by time (T, T — 12,

4 This is all the SCAMS information available to the authors
at this time.
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F1G. 17. Tracks of 1975 tropical cyclones in various oceans used in the Nimbus 6 SCAMS temperature sounding study. (a) Northwest
Atlantic Ocean (West Indies), (b) northeast Pacific Ocean, (c) northwest Pacific Ocean. Track symbols are the same as in Fig. 2.
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TABLE 4. Distribution of turn cases in the Atlantic and Pacific
Oceans used in studying satellite temperature sounding data
around tropical cyclones.

Ocean Left Straight Right
Atlantic (West Indies) 0 2 4
Northwest Pacific 1 1 3
Northeast Pacific 1 1 0

Total 2 4 7

T — 24 and T — 36) as described in Section 3. The
mean 1000-250 mb temperatures around each
storm for each time period were derived from the
brightness temperatures (the raw data obtained from
the sounder) as described in Waters et al. (1975).
The same method used in the rawinsonde composite
was employed (see Section 3) to obtain average layer
mean temperature at each of the grid points in Fig. 7
for each storm. To minimize contamination by
precipitation, data points with integrated liquid
water contents = 0.5 kg m~2 were not used in.the
averaging process. According to Staelin ef al. (1975b)
this should eliminate most of the contaminated data.

The accuracy of atmospheric temperatures de-
rived from satellite sounders is a pertinent point.
Data from a microwave sounder were used because
microwave soundings are unaffected by non-raining
clouds (Staelin et al., 1975b). The extensive cloudi-
ness near tropical cyclones precludes the exclusive
use of infrared sounding data. When the 1000-—
250 mb layer mean temperature at a single spot is
compared with the nearest grid point data analyzed
by the National Meteorological Center (NMC) the

root-mean-square difference is ~2 K (Landsat/

Nimbus Project, 1976). It must be remembered,
however, that only temperature difference and not
absolute temperature is a requirement for the wind
shear determination. In addition, each grid point
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value is an average of a considerable number of
observation points, and precipitation-contaminated
data points have been eliminated. The satellite-
derived temperature differences obtained in the
way described above should therefore be accurate to
within a few tenths kelvin (Staelin et al., 1975b).

c. 1000-250 mb mean temperature fields

For convenience, the 1000-250 mb layer mean
temperatures were analyzed in the following way.
All layer-mean temperatures at grid points within
5-15° radius® from the storm center were averaged
to obtain an average layer-mean temperature 7.
The deviation of each grid point temperature from
T was calculated (for all points in the grid). These
deviations were used for the analysis instead of the
absolute values. An example of the temperature
deviation field for three individual cases 24 h
before turn time (one in each turn class) is shown in
Fig. 18. This figure shows the typical expected differ-
ence in temperature structure existing between a
left-turning, straight-moving and right-turning storm
as implied by the difference in vertical wind shear
structure discussed in Section 5. The left-turning
storm shows a temperature gradient across the
storm corresponding to a thermal wind, or vertical
wind shear, in the direction of storm motion while
the opposite occurs for the right-turning storm.
There is very little temperature gradient for the
straight-moving case. An examination of the other
cases indicates that the temperature gradients of
most significance exist in front of the storm. In
addition, for most of the left- and right-turn cases
studied, there exists a region where the troposphere

> The reasons for using 5-15° are 1) more data are available
outside 5° (a lot of data were eliminated within 5° because of high
liquid water content), and 2) 15° is the outermost radius used in the
rawinsonde composite study.
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Fi1G. 18. 1000 to 250 mb layer mean temperature deviation from 5 to 15° radii average mean temperature derived from the Nimbus 6
SCAMS temperature sounding data 24 h before turn time. The arrow from the storm center indicates the direction of storm motion.
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TABLE 5. The 1000-250 mb layer mean temperature deviations from 5-15° radii average in octants 2 (left front) and 8 (right front)
within 9-13° radius from the storm center for various storms in the North Pacific and Atlantic Oceans 24 h before turn time. Vertical
wind shear in the direction in which the storm is going is calculated from the thermal wind relationship using a horizontal distance

of 18°. The Coriolis force f is taken to be 5 x 1075 s71.

Corresponding

Octant 2 vertical
minus wind shear
Storm Region Octant 2 Octant 8 Octant 8 (ms™?) Turn

Phyllis west Pacific -0.8 0.2 -1.0 4.5 left
Iisa east Pacific -0.9 1.5 -2.4 10.9 left
Alice west Pacific -0.7 0.0 -0.7 3.2 straight
Lily east Pacific -0.6 -0.1 -0.5 2.3 straight
Eloise west Atlantic 0.2 0.2 0.0 0.0 straight
Caroline west Atlantic —-1L1 29 ~4.0 18.2 straight
Eloise west Atlantic 1.5 -0.2 1.7 -7.7 right
Eloise west Atlantic 1.6 -2.0 3.6 ~16.4 right
Gladys west Atlantic 0.1 -1.4 1.5 -6.8 right
Faye west Atlantic 0.3 —-0.4 0.7 -3.2 right
June west Pacific 0.7 -1.6 2.3 -10.5 right
Tess west Pacific -0.7 -1.9 1.2 -5.5 right
Cora west Pacific 1.0 1.0 0.0 0.0 right

is relatively cold in the direction toward which the
storm is moving, as indicated in the examples given
in Fig. 18. .

To describe these temperature gradients in mor
quantitative terms, temperature deviations at
9-13° radius® in octants 2 (left front) and 8 (right
front) for all cases were studied. Results are shown
in Table 5. Both left-turning cases show that the
mean tropospheric temperature is lower to the left
front of the storm. For the straight-moving storms,
only Caroline shows a large negative tropospheric
shear. The reason for this is unknown. However, all
other straight-moving cases show only a very weak
temperature gradient across the front of the storm.
In addition, all three cases show a region of cold air
in octant 1 (not shown). Of the seven right-turning
storms, only Cora shows no temperature gradient.
The others indicate a relatively cold troposphere to
the right front of the storm.

These results were obtained, as described earlier,
after elimination of data points with integrated
liquid water content = 0.5 kg m~2. To see if this
process is of any great significance, temperature
deviation fields without eliminating any data were
also analyzed. A comparison between the two sets
of results shows very little difference in the tempera-
ture structure and temperature gradients at large
radii from the storm center. It would appear that it
is not necessary to eliminate those data points
with appreciable liquid water content provided
temperatures at large distances from the storm
center are used. '

§ In order to obtain the horizontal temperature gradient normal
to Vpin octant 1, at radii 7—11° (the area where the vertical wind
shear parameter is of significance), one has to consider tempera-
tures in octants 2 and 8 at radii 9-13° (see Fig. 7).

These results suggest that very pertinent informa-
tion on forecasting tropical cyclone turning motion
24 h in advance may be obtained from satellite
sounder information in regions devoid of rawinsonde,
aircraft and clouds for satellite wind vector deter-
mination. Newer and better satellite sounders are
likely to be available in the future for even better
determinations.

6. Summary and recommendations

The results of this study indicate that there are
parameters in the large-scale environment around
tropical cyclones at upper and lower tropospheric
levels (in addition to the previously considered
crucial middle level) which can provide information
about their turning motion 24-36 h before it occurs.
An estimate of the Vy component of the winds at
200 and 900 mb at 5-11° radius around the storm
from satellite observations may also be useful for
making short-range (0-12 h) forecasts of turning
motion. Of greater significance is the possibility of
using the V, vertical wind shear to specify turning
motion 24-36 h in advance. The fact that favorable
environmental conditions are evident 2436 h prior
to turn time indicates that there is likely a time lag
between changes in the environmental flow param-
eters surrounding a storm and the response of the
storm to such changes.

At certain times it may not be possible to derive
satellite winds at 900 and 200 mb because of an
extensive cirrus canopy or because upper-level
cloud motions are lacking. In these cases the satel-
lite sounder, with its tropospheric temperature
difference measurement capability, may be useful in
augmenting missing wind data. Since contamination
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of the sounding data by precipitation is negligible
at large radii, the Microwave Sounding Unit (which
does not have any water vapor channel) on board
the TIROS-N satellite now in orbit might be used to
monitor tropospheric temperature gradients across a
storm to determine the upper and lower tropospheric
vertical wind shear. It is suggested that temperature
data obtained from such a sounder be used on an
operational basis to test the applicability of these
results.

With the large increase in computer technology
and the development of more sophisticated cyclone
forecast schemes, one would expect a continuous
increase in tropical cyclone forecast skill. While
this has been true on the average in the 1960’s and
early 1970’s, tropical cyclone track 24 h forecast
errors have been showing a slight increase in the
last three to four years (see, e.g., Joint Typhoon
Warning Center, 1977). These forecast error in-
creases are likely a result of an over-reliance by the
various forecast techniques on middle-level flow
patterns, and a subsequent gradual reduction of
oceanic rawinsonde and aircraft data to measure
such flow patterns. Atlantic weather ships Echo
and Delta were decommissioned in 1973. Very few
oceanic propeller aircraft flights are now made.
These changes have significantly reduced the
already scanty mid-tropospheric Atlantic wind-
height data. Accurate analysis of middle-level flow
fields has always been difficult. At some locations
and time periods it is now nearly impossible to
obtain a meaningful analysis. Neumann (private
communication) has discussed how NMC tropical
analysis schemes can produce a quite unrepresenta-
tive middle-level steering current determination.
He has documented cases in which an erroneous
wind observation drastically changes middle-level
computer-analyzed flow fields. This seriously
affects the performance of tropical cyclone forecast
models based on middle-level steering flow concepts
(e.g., see Lawrence, 1979). New forecasting schemes
(regardless of how sophisticated) which utilize
middle-level flow patterns should encounter similar
observational problems.

Because of the increasing availability of satellite-
derived information at upper and lower tropospheric
levels, it is suggested that research on storm mo-
tion be concentrated on studying the relationships
between upper and lower tropospheric parameters
and storm movement. The next steps in this research
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will be to try to relate upper and lower level
parameters with cyclone speed changes, stalling and
looping motions, and other special cyclone motion
characteristics.
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