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ABSTRACT

The observed tendency for tropical cyclones to meander about a longer-term track with periods of several
days and amplitudes around 100 km is investigated. An analysis of 26 cyclones in the western North Pacific
Ocean does not support the theories by Syono and Futi that tropical cyclone track oscillations occur from
excitation of inertial oscillations. The observations and related numerical modeling studies also do not support
the vortex patch and rotating cylinder theories by Yeh and Kuo. It is suggested that many meanders occur from
interactions with mesoscale vortices and convective systems within the cyclone circulation. This hypothesis is
supported by a case study of the effects of mesoscale convective complexes that developed in Typhoon Sarah

(1989).

1. Introduction

It is well known that tropical cyclones tend to mean-
der or oscillate about a mean path. As illustrated in
Fig. 1, these meanders cover a wide range of scales and
take on several forms, including small-amplitude and
short-period trochoidal oscillations around an other-
wise relatively smooth track (Fig. 1a, Tracy), larger-
scale and longer-period meanders (Fig. 1b, Gordon,
Judy, and Owen), more erratic and nonperiodic
meanders, occasionally including stalling, or small
loops (Fig. 1b, Ken-Lola and Sarah), or highly erratic
wandering with no well-defined track. A wide range of
scales are involved as the meanders vary in period from
a few days to less than an hour and bave amplitudes
up to a few hundred kilometers.

Such meanders are poorly predicted since short-pe-
riod perturbations can be confused with longer-term
track changes, and vice versa. The result is a strong
limitation on the accuracy of track forecasting at both
short and extended time scales. An example is given
by the Joint Typhoon Warning Center (JTWC) fore-
casts for Typhoon Judy in Fig. 2. During the early part
of the cyclone track, the JTWC forecasts were excellent.
Then, to quote from the Annual Tropical Cyclone Re-
port for 1989 (JTWC 1989), “. . . after the direction
change on 26 July it took the forecasters a day to get
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back on the track to the northwest.” The forecast errors
nearly quadrupled during this time, and the overall
guidance was quite poor. Similar problems exist when
interpretations have to be made between short-period
meanders and the commencement of substantial track
changes, as occurred at the recurvature point for Cy-
clone Tracy (Fig. 1a).

Despite this potential impact on forecast accuracy,
these meanders have received little research attention.
Yeh (1950) and Kuo (1950, 1969) produced trochoidal
motion from the aerodynamic interactions between a
tropical cyclone approximated by a rotating cylinder
and an imposed steering current. Syono (1955) and
Futi (1956a,b) suggested that fluctuations in the basic
flow could excite a resonant track oscillation at the
inertial frequency. Willoughby (1988) showed that a
rotating mass sink and source pair could produce tro-
choidal oscillations in the cyclone path and that res-
onant amplification appeared when the pair rotated at
the speed of the azimuthal flow. Analyses by Wil-
loughby (1990) and Willoughby et al. (1984) further
indicated that interactions with convective complexes
within the cyclone core could produce significant per-
turbations in the storm path; however, only qualitative
and subjective explanations exist for many of the ob-
served meanders.! These explanations relate to the
passage of subtropical systems, development or decay

! For example, see the discussions in the Annual Tropical Cyclone
Reports from the Joint Typhoon Warning Center, COMNAYV Mar-
ianas Box 17, FPO, San Francisco, CA 96630-2026.
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FI1G. 1. Examples of meandering tropical cyclone tracks: (a) radar-derived track of Tropical Cyclone Tracy ( Australian region, 1974, dots
indicate radar fix positions at irregular times); (b) tracks of Typhoon Owen, Supertyphoon Gordon, Typhoon Judy, Tropical Storm Ken-
Lola, and Typhoon Sarah (western North Pacific, 1989, large dots indicate positions each 24 hours).
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F1G. 2. Examples of the forecast degradation that can occur from incorrect interpretation of a
track meander: JTWC forecasts for Typhoon Judy (dashed line) taken from JTWC (1989) (open
circles indicate forecasts each 24 hours).
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of the subtropical ridge, and interactions with other
tropical weather systems such as the tropical upper tro-
pospheric trough (TUTT).

Similar oscillations about a mean track have been
observed with other vortices, such as the meandering
path of an oceanic eddy (Armi et al. 1988, for example)
and the looping trajectory of a tornadic suction vortex
(Fujita 1981, for example). Thus, an improved un-
derstanding of these meanders is of importance both
to tropical cyclone track prediction and to our overall
understanding of vortex dynamics.

Our aim in this paper is to undertake a detailed in-
vestigation of the track meanders, to critically examine
previous theories, and to identify potential mechanisms
as a basis for further research. In the following section
we discuss the data that are used and their limitations.
In section 3 we suggest a classification scheme that
groups track variations into overall synoptic track, me-
dium-scale meanders, and small-scale oscillations. An
examination of medium-scale meanders forms the basis
of the remainder of the paper. A detailed examination
of previous theory is presented in section 4 using cy-
clones from the western North Pacific Ocean. We sug-
gest potential mechanisms for medium-scale meanders
in section 5 and discuss these by way of two case studies.
Section 6 contains our conclusions and recommen-
dations for further work.

2. Data

Two sets of tropical cyclone data were utilized in
this study: the best-track archive of western North Pa-
cific tropical cyclones prepared at the JTWC by J.
Martin and J. Pickle (personal communication 1990);
and the set of 17 radar tracks of tropical cyclones in
the Australian region compiled by Meighen (1987).

The JTWC archives have been derived from a com-
bination of aircraft and satellite data up to 1986 and
largely from satellite data since then. As with the Aus-
tralian data, these archives contain positions at 6-hour
intervals and have been derived by hand smoothing of
all fixes. There is a tendency to smooth out small am-
plitudes in the analysis (Horn 1951, for example), and
Bell (1979) found a mean 40-km variation between
the best-track positions from different analysis centers
in the region. The analyses will have degraded by an
unknown amount with the loss of aircraft reconnais-
sance in 1986, especially for weaker systems. We there-
fore chose to use data from 1983 to 1986.

A major difficulty lies in the potential aliasing of
short-period oscillations at less than the 12-h Nyquist
period into longer periods. Since hand smoothing of
the available observations was the method of analysis
used by JTWC forecasters for the tracks used here, and
since we do not have access to the original data, the
potential effects are difficult to quantify for any given
track. Bell’s (1979) finding, however, indicates that the
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aliasing and other analysis inaccuracies are largely
constrained to less than 40 km. We therefore estimate
that the JTWC data are suitable for analyzing pertur-
bations of amplitude greater than 50 km and period
longer than 1 day.

The radar tracks comprised a careful reanalysis of
17 tropical cyclones observed by Australian coastal ra-
dar over the period 1973-1981 by Meighen (1987).
The radar data were recorded on 16-mm film at roughly
10-min intervals. The analysis technique is described
by Meighen and consists of identifying conservative
features in the radar pattern, such as a well-defined eye
or eyewall arc, then utilizing these to derive a cyclone
track with one-hourly or better resolution. This analysis
produces a slightly smoothed track that removes some
of the higher frequency “noise™ associated with other
methods. We consider that meanders with amplitude
of the eye radius and period of several hours can be
resolved by this method.

The case-study examples were chosen on the basis
of their features being of interest to our analysis. The
use of 1989 storms in the western North Pacific was
arbitrary and almost any other season could have been
used. Synoptic discussions are based on the operational
analyses from either the Darwin Tropical Analysis
Centre or JTWC, as appropriate. The Annual Tropical
Cyclone Reports from JTWC also provided excellent
background on several tropical cyclones.

3. Classification

Two distinct scales of motion are present in the track
of Tropical Cyclone Tracy in Fig. la. A short-period,
cyclonic oscillation with period around 10-12 h and
amplitude 5-10 km is superimposed on a parabolic
trajectory 3 days in extent and a-couple of hundred
kilometers in amplitude. A marked disruption in the
oscillation also is apparent at the recurvature point.
The parabolic track of Tracy is an example of a me-
dium-scale meander that is found in most tropical cy-
clones.

Other examples over several scales are provided with
the tracks of Gordon, Judy, Sarah, Ken-Lola, and
Owen (Fig. 1b). The generally westward tracks of Gor-
don and Sarah were modulated by a quasi-periodic
meander of period a few days and amplitude around
100 km. Sarah also experienced a sharp equatorward
meander followed by a small-scale loop before crossing
Taiwan. A much larger meander occurred for Typhoon
Judy, which also experienced a small-scale oscillation
of a few tens of kilometers in amplitude and around
1-day period. Both Owen and Ken-Lola experienced
large meanders separated by sharp changes in track.

Thus, several scales of meander are possible in trop-
ical cyclone tracks. A general superpositioning of the
medium scales onto a much larger, synoptic track sig-
nature is apparent. Although Sarah and Ken-Lola ex-
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perienced sharp, high-amplitude perturbations, the
overall scale of oscillation seems to remain consistent
for each cyclone. This implies that once a mechanism
or process is established, it continues to affect the cy-
clone for a considerable period of time. Although there
is no evidence of several frequencies contributing to
the meander of a particular cyclone, some tracks con-
tain evidence of a high-frequency component. Thus,
it is likely that the small-scale oscillation observed in
Tracy (Fig. 1a) is superimposed on many of the other
cyclone tracks also, but is lost in the smoothing applied
to the best tracks (see Horn 1951; Willoughby 1979,
for examples).

For the purposes of discussion, therefore, we separate
the track meanders into three groups: 1) synoptic track,
2) medium-scale meanders with period greater than 1
day and amplitude of several tens to hundreds of ki-
lometers, and 3) small-scale oscillations with scales
around the eye diameter and periods of several hours.
We emphasize that there are significant ambiguities
and potential for overlap in these classifications. For
example, Tropical Cyclone Tracy consisted of several
small-scale oscillations and a medium-scale meander
superimposed on the overall synoptic track.

The medium-scale meanders are the topic of this
paper. An examination of small-scale oscillations will
be reported later.

4. Medium-scale meanders: Previous theory
a. Theory

Perhaps the most widely quoted theories for quasi-
periodic track meanders are those of Yeh (1950) and
Kuo (1950, 1969). Both theories are similar in concept
and are based on the assumption that the major features
could be identified by the modeling of a tropical cyclone
as a patch of constant vorticity, which has a flow struc-
ture given by a Rankine combined vortex ( Depperman
1947) embedded in an irrotational environmental flow.
Kuo assumed that the cyclone was a solid circular cyl-
inder, while Yeh required that the cyclone was a cir-
cular vortex patch, defined by a Rankine combined
vortex, which had a different density from that of the
environment. The solution for both cases is of the form
of a cyclonic trochoidal oscillation with period and
amplitude dependent on the size and intensity of the
vortex patch and on the environmental flow speed. Kuo
(1969) also showed that imposition of a sheared flow
tended to stretch the oscillation into an ellipse and pro-
duce a frequency shift proportional to the vorticity of
the imposed flow.

Our major criticism of this approach is the assump-
tion that a tropical cyclone can be approximated by a
vortex patch that does not deform and has no mass
exchange with the surrounding atmosphere. Because
of the arbitrarily variable parameters such as size of
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the vortex patch, a wide range of oscillation periods
and amplitudes can be predicted for any given system
and prevent a quantitative test of the theories. There
are, however, several components that can be tested:
1) all oscillations must be cyclonic; 2) for a given cy-
clone the period should decrease as intensity increases;
3)large cyclones should generally have larger amplitude
oscillations.

Syono (1955) used an inviscid, two-dimensional
fluid with a deformable vortex imposed on a back-
ground flow similar to that found around a subtropical
anticyclone and obtained analytic solutions for the
motion. For both constant and time-varying back-
ground flow, the resulting oscillation is a resonant in-
ertial oscillation in response to the changing pressure
gradient experienced by the vortex as it moves. Thus,
this theory predicts that the quasi-periodic meander of
tropical cyclones 1) will have an anticyclonic sense of
rotation, 2) will occur preferentially at the inertial fre-
quency, and 3) will have an amplitude that generally
decreases with increasing latitude. Similar results were
obtained by Futi (1956a,b).

An often overlooked early paper by Neuman and
Boyd (1962) indicated that the small-scale oscillation
of tropical cyclones could be associated with the move-
ment of strong radar echoes associated with heavy rain

“and active convection. A series of observational and

theoretical studies by Willoughby and collaborators
(Willoughby et al. 1984; Willoughby 1988, 1990) have
produced convincing evidence that such rotating con-
vective regions can produce core-scale asymmetries that
induce small-scale oscillations of the center.

b. Observations

The predictions from Yeh and Kuo and from Syono
and Futi are quite different and should be testable from
observations. Both theories have oscillation amplitudes
varying up to 200 km, but mainly in the range 50-100
km. Following our discussion in section 2, we use track
data from the western North Pacific in the period 1983-
86 (the last years of aircraft reconnaissance) for anal-
ysis. A Fourier transform approach was tried and re-
jected because of the overlapping periods of the me-
dium-scale meanders and synoptic changes, and be-
cause of the relatively short track compared to the
periods of interest (at least 3-4-day periods need to be
resolved). Instead, a combination of visual examina-
tion and track smoothing was used to isolate the scales
of interest.

All cyclone tracks were visually examined to select
those suitable for detailed analysis. Given the discussion
on track accuracy in section 2, we were seeking tracks,
or subsets of tracks, that contained clear evidence of
one or more quasi-periodic oscillations with amplitude
of around 100 km and that had no major synoptic
perturbations. The policy used was to reject all tracks
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for which there was a reasonable doubt about the quasi-
periodic nature of the medium-scale meanders. The
resulting dataset consisted of 26 cyclones that ranged
in maximum intensity from 20 to 55 ms™!.

The next step was to fit polynomials to the tracks to
remove the slowly varying component. Since the ma-
jority of selected tracks contained a slow anticyclonic
backing, second-order polynomials were used, as is
shown for Typhoon Ellis in Fig. 3a. The perturbations
were then plotted both as a time series of the zonal and
meridional components (Fig. 3b) and as trajectories
in perturbation phase space (Fig. 3¢). The amplitude,
the period, and the sense of rotation of the track mean-
ders could then be estimated quantitatively. For Ty-
phoon Ellis, successive cyclonic and anticyclonic loops
were observed with amplitudes of around 75 km in
both the zonal and the meridional components.

For 22 of the initial set of 26 cyclone tracks, the
analysis provided clear and unambiguous information
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FIG. 3. (a) Second-order polynomial (solid line) fitted to the 6-
hour positions of typhoon Ellis (squares); (b) time sequence plot of
zonal and meridional track perturbations obtained by removing the
smoothed track shown in (a); (c¢) trajectories in perturbation phase
space for typhoon Ellis, showing the sense of rotation of the observed
meanders,

on the periods, amplitudes, and sense of rotation of
the associated meanders. The proportion of complete
anticyclonic and cyclonic rotation was approximately
equal, with 15 anticyclonic and 14 cyclonic cases (some
cyclones contained more than one oscillation). Since
several tracks underwent 1.5 or 2.5 oscillations, we used
half-periods to estimate the amplitude and period of
oscillation from displays such as that in Fig. 3b. The
frequency histograms for period, amplitude, and lati-
tude in Fig. 4 indicate that the most frequent pertod
was around 90 h with an amplitude of 50-100 km.
The relationship among period, amplitude, and lat-
itude is shown by the scatter.diagrams in Fig. 5. The
only observed relationship is between period and am-
plitude (Fig. 5b). Although the data in Fig. 5b indicate
a potential parabolic relationship, we do not consider
that there are sufficient data to confirm this. The linear
correlation is 0.47 with a significance level of 0.01. No
relationship was found between period or amplitude
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FiG. 4. Frequency histograms indicating the general properties of the meanders derived from the method in Fig.
3: (a) period, (b) amplitude, (c) latitude, (d) amplitude change between the first observable cycle and that at

maximum intensity of the cyclone.

and latitude, and a similar lack of correlation was found
for the anticyclonic meanders alone (not shown).
There also was no direct relationship between intensity
and period for all cyclones, but we found a tendency
for decreasing amplitude as individual cyclones inten-
sified (Fig. 4d).

We next tested the sensitivity of the results to the
order of smoothing used by applying fifth-order and
then ninth-order polynomials to the tracks. Not sur-
prisingly, this procedure produced smaller period and
amplitude variations and considerable contamination
by noise. Of the meanders that could be differentiated
clearly, there was a strong tendency toward exclusively
cyclonic rotation at shorter periods. We confirmed this
with the 17 radar tracks of cyclones provided by

Meighen (1987). Seven of these had no clearly dis-
cernible oscillation. The remainder contained 23 small-
scale meanders, all of which were cyclonic.

¢. Conclusions

Our analysis clearly does not support the theoretical
predictions made by Syono and Futi, since 1) only
50% of the longer-period meanders and virtually none
of those at high frequency are anticyclonic; 2) there is
no relationship between the oscillation and inertial fre-
quencies; and 3) the amplitude does not vary with lat-
itude. The lack of relationship between the period of
oscillation and the inertial period conflicts with the
findings by Futi (1956a, his Fig. 34) of a strong rela-



1260

-

(a);

s —— ———r
INERTIAL PERIOD

T

LATITUDE
[ 2]
[~

18
)
8 3 68 99 126 158 189
PERIOD (hours)

4@ )]
Ll 30 ve ]
n .II -
: ' . . J
t 28} .
= Uty ']
C ST
< 1 R - )

a ) . . ) ) .<

9 58 188 158 288 258

AMPLITUDE (km)

tionship. The differences may be in the method of
analysis, and it is possible that the analysis method
used here could mask the relationship. However, in-
spection of the figures in Futi’s paper indicate that the
sense of rotation is clearly cyclonic in all cases, which
argues against them being inertial oscillations. There
also is no evidence of inertial oscillations in the mod-
eling studies by Jones (1977), Kitade (1980, 1981),
or Evans et al. (1991). Evans et al. particularly inves-
tigated the movement of a two-dimensional vortex
within an environment comprising an idealized mon-
soon trough and subtropical ridge using a shallow-water
equation model, conditions very similar to those used
by Syono.
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FiG. 5. Scatter diagrams showing the relationship between (a) pe-
riod and latitude, together with solid line indicating the inertial period
(2% / f); (b) period and amplitude; and (c) amplitude and latitude,
for the medium-scale meanders.

'Yeh and Kuo correctly predict the preference for
cyclonic rotation at high frequencies, but their close
relationship between intensity and period is not sup-
ported, at least for medium-scale meanders. The ap-
plicability of this theory at the small oscillation scale
will be reported separately.

5. Medium-scale meanders: Potential mechanisms

We suggest that several mechanisms could contribute
to the observed meander of tropical cyclones. Many of
these are derived from forecast experience and from
general pattern recognition and are poorly understood.
We list them here to provide an indication of the com-
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plexity and variety of potential mechanisms and to
provide a basis for further research. We suggest, how-
ever, that many of the observed meanders may arise
from interactions that occur within the cyclone circu-
lation. Two examples are investigated by case studies
of Typhoon Sarah and Tropical Storm Ken-Lola.

a. Potential mechanisms

The continual evolution of the near-cyclone envi-
ronment, arising both from actual changes and from
movement of the cyclone, could be expected to influ-
ence the track in several ways. Evans et al. (1991) have
shown that tropical cyclones can be expected to un-
dergo consistent motion changes as they move away
from the monsoon trough environment and through
the subtropical ridge. Holland and Evans (1992) have
discussed the marked asymmetric evolution that can
accompany this movement. Forecasters also often re-
mark on the “unexpected” track changes that can ac-
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company development or weakening of the subtropical
ridge. For example, the westward meander of Typhoon
Judy (Fig. 1b) was attributed to rapid development of
the subtropical ridge ahead of the poleward-moving
storm.

Other potential mechanisms are episodic interac-
tions with surrounding weather systems such as other
tropical cyclones (Fujiwhara 1923), TUTT cells, mid-
latitude troughs (DeMaria 1987; Willoughby 1990),
or with the land (Chang 1982). Internally generated
oscillations also may result from variations of the ver-
tical structure of the storm. We are investigating the
binary cyclone interaction in a parallel study to be re-
ported separately. These mechanisms are important,
poorly understood, and worthy of further study. In the
next sections, however, we concentrate on potential
interactions that occur within the cyclone circulation
and seem to have a strong contribution to the observed
meander.

FIG. 6. Japanese GMS imagery at 1130, 1730, and 2330 UTC 7 September and for 0530 UTC 8 September 1989,
showing the scales and mutual orbit of MCS Alpha and Typhoon Sarah.
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b. Case study of mesoscale convective complex
interactions within Typhoon Sarah

1) OBSERVATIONS

The meandering track of Typhoon Sarah (Fig. 1b)
started with a long, cyclonic oscillation as it moved
westward, followed by a marked equatorward devia-
tion, a stall, then poleward movement with a small
cyclonic loop on the coast of Taiwan. Our analysis of
the situation indicates that these meanders largely re-
sulted from interactions with nearby mesoscale sys-
tems. At least two major mesoscale convective systems,
code named MCS Alpha and Bravo for convenience,
developed in the vicinity of Sarah. The satellite imagery
in Fig. 6 indicate the scale and part of the orbit of MCS
Alpha and Sarah over a 24-h period.

The long-period meander and equatorward devia-
tion by Sarah during 6-9 September could be associated
with the development and movement of MCS Alpha.
Sarah formed at one end of an elliptical convective
region that underwent a consistent cyclonic rotation
over several days. MCS Alpha developed at the other
focus of the ellipse from Sarah and by 7 September
(Fig. 6) was clearly distinguishable as a separate cluster
of deep convection with similar dimensions to Sarah.
The MCS went through marked cycles of active con-
vection followed by decay, then renewed convection.
The tracks of the two systems followed a clear cyclonic
orbit about a relatively straight-moving centroid (Fig.
7). This interaction included both cyclonic rotation
and mutual attraction and is analogous to the binary
vortex motion first noted by Fujiwhara (1923 ) and re-
cently examined in detail by Lander and Holland
(1993), Ritchie and Holland (1993), and Holland and
Dietachmayer (1993).

Because of the lack of data in the region, we could
not obtain direct observations of whether MCS Alpha

CENTROID

F1G. 7. Interaction of developing Typhoon Sarah and MCS Alpha.
Symbols indicate corresponding 6-hour positions with selected 0000
UTC positions for 7 and 8 September indicated. The inset contains
the centroid relative motion of the two systems.
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FiG. 8. Observed structure of MCS Bravo at 1130 UTC 10 Sep-
tember from the JTWC gradient level (approximately 900 mb)
streamline analysis and available wind and surface pressure obser-
vations' (JTWC 1989). Full wind barbs represent S m s~

was associated with an independent mesoscale circu-
lation. During a convectively suppressed period on 8
September, however, visible satellite imagery clearly
indicated an exposed low-level circulation (JTWC
1989).

MCS Alpha dissipated to the northeast of Sarah after
having orbited for 60 h and through 290°. Soon after,
a second complex, MCS Bravo, formed to the south-
west and coupled with Sarah. This system formed on
the northwestern side of Luzon and may have been
the result of a “sympathetic low” formation as de-
scribed by Brand and Blelloch (1973) for Taiwan. Dis-
cussions with forecasters at JTWC (Guard, personal
communication, 1990) indicate that this development
1s a relatively common occurrence for tropical cyclones
passing north of the Philippines.

For Bravo, there were sufficient data to enable an
analysis of a distinct low-level circulation (Fig. 8),
though no vertical structure could be determined. As
Sarah began to move poleward, MCS Bravo moved
eastward from Luzon and was swept northward in a
long arc to the east of Sarah (Fig. 9).

The erratic behavior of Sarah just off the coast of
Taiwan was clearly associated with the orbit of MCS
Bravo (Fig. 9). The unweighted centroid of the pair
moved steadily poleward and the cyclonic loop exe-
cuted by Sarah could be analyzed as due entirely to
the mutual orbit of the two systems. The smaller track
oscillation experienced by Sarah in comparison to MCS
Bravo is consistent with the observation that Sarah had
intensified and was nearing supertyphoon strength at
this time.

There may be other factors involved in the mean-
dering path of Typhoon Sarah, and the available data
are insufficient for us to conclusively state that the ob-
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FIG. 9. Interaction of Typhoon Sarah and MCS Bravo. Symbols
indicate analysis locations of Bravo from satellite imagery and the
inset contains the centroid relative motion of the two systems.

served MCSs contained sufficient cyclonic circulation
to be able to affect the cyclone track. [ We note that it
is not necessary that the MCCs have associated cir-
culation. As has been shown by Willoughby (1988), a
rotating convergence zone associated with the convec-
tive system could cause substantial perturbations on
the cyclone track.] The observed relative motions of
Sarah and the two MCSs are intriguing, however, and
lead us to tentatively conclude that these interactions
were important.

2) NUMERICAL MODELING EXPERIMENTS

To test the potential for mesoscale vortices to cause
the observed meanders of Typhoon Sarah, we con-
ducted a series of experiments with a barotropic model.
A full description of the system used is contained in
Holland et al. (1991). It consists of a nondivergent
barotropic model with 70-km horizontal resolution on
a mercator projection that was developed for research
and forecasting associated with the ONR Tropical Cy-
clone Motion Experiment (TCM-90, Elsberry 1990).
Deep-layer mean analyses were obtained by a' mass-
weighted average from 850 to 300 mb of the BMRC/
Darwin Tropical Analysis system (Davidson and
McAvaney 1981). These provided both the initial
analyses and updates for the horizontal boundaries of
the model. Since the original analyses could not ade-
quately resolve the detailed circulations associated with
Sarah and the MCSs, these were bogused into the anal-
yses using the method described in Holland et al.

A series of experiments were made starting at 2300
UTCon 7, 9, and 10 September to examine the equa-
torward meander and the northward track with small
loop near Taiwan. These experiments consisted of a
benchmark forecast with only Sarah’s circulation, and
two comparison forecasts with superimposed MCSs of
equal and half the strength of the outer circulation of
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Sarah. Examples of the analysis and forecast vorticity
fields resulting from the bogusing of Sarah and the half-
strength vortex into the analyses of 2300 UTC 7 Sep-
tember are shown in Fig. 10.

The numerical forecasts starting at 2300 UTC 7
September with no imposed mesoscale vortex (Fig.
11a) produced a straight track slightly south of west
that was very similar to that for the centroid in Fig. 7.
Imposing a mesoscale vortex of half the outer circu-
lation strength of Sarah at the location of MCS Alpha
produced a marked equatorward deviation in the fore-
cast track. Doubling the strength of the mesoscale vor-
tex so that the outer circulation (but not the core) was
equal to that of Sarah introduced a slightly sharper
perturbation on Sarah’s track, but indicated that there
was little sensitivity to the circulation details of the
mesoscale vortex.

Repeating the series of experiments, but starting
from 2300 UTC 9 September produced the track re-
sponse shown in Fig. 1 1b. With no imposed mesoscale
vortex, Sarah followed a track similar to that for the
centroid (Fig. 9). Introducing mesoscale vortices of
increasing strength produced a more westward move-
ment of the cyclone. This was close to the actual track,
but missed the cyclonic loop near Taiwan at the end
of the forecast period. Interestingly, in both cases the
model accurately simulated the track for around 12—
24 h, but failed in the second 24 h. This is because the
mesoscale vortices are rapidly sheared and absorbed
into the cyclone circulation (Fig. 10). A third experi-
ment was therefore performed starting at 2300 UTC
10 September (Fig. 11c). In this case, the cyclone alone
tracked along a curving westward path. Introducing
mesoscale vortices of increasing strength at the location
of MCS Bravo caused the cyclone to execute realistic
cyclonic loops.

Note that the amplitude but not the period of the
oscillation in the typhoon track decreased substantially
as Sarah intensified. We suggest that the MCSs do not
vary much in strength so that their impact decreases
as the typhoon intensifies. This finding is supported by
the observed tendency for amplitude to decrease as cy-
clones intensify (Fig. 4d). For a given MCS structure,
both the period and amplitude of oscillation in the
track will decrease for systems forming closer to the
center. Thus, this process would explain the correlation
between amplitude and period found in section 3.

6. Conclusions

We have investigated some of the features and po-
tential mechanisms associated with the commonly ob-
served meander of tropical cyclone tracks. We analyzed
the meanders as perturbations from a quadratic fit to
tropical cyclone tracks in the western North Pacific
region. At scales of 100 km and 60-100 h, the sense
of rotation of the meanders was roughly equally divided
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between anticyclonic and cyclonic. At smaller scales,
cyclonic rotation becomes more frequent, and we
found no evidence of anticyclonic rotation at the scale
of the eye diameter in 17 radar tracks of Australian
region cyclones. No relationship was found between
period or amplitude of oscillation and latitude, or be-
tween period and cyclone intensity. A good relationship
was found, however, between amplitude and period
(correlation coefficient 0.47, significant at the 0.01%
level), and between amplitude and cyclone intensity
changes (in all but 2 of the 22 cyclones studied, the
oscillation amplitude decreased as they intensified).

|—e

FIG. 10. Relative vorticity analysis at 2300 UTC 7 September after
bogusing a half-strength mesoscale vortex and Typhoon Sarah into
the operational analyses, together with 12- and 24-h forecasts (contour
interval 2 X 1075 s71),

The strong tendency toward cyclonic sense of ro-
tation and the lack of relationship between latitude
and period or amplitude seems to rule out the theory
by Syono (1955) and Futi (1956a,b) that meanders
were associated with inertial oscillations of the cyclone
center. Since no meanders were found in the barotropic
modeling studies of Evans et al. (1991), which con-
tained all of the components in the truncated theories
by Syono and Futi, we conclude that these theories are
not applicable.

The observations also do not fully support the the-
ories by Yeh (1950) and Kuo (1950, 1969) that tropical



1 MAY 1993

(c)

cyclones undergo a cyclonic trochoidal oscillation from
aerodynamic forces between them and their environ-
ment. The applicability of the Yeh and Kuo theories
to small-scale oscillations is the subject of further in-
vestigation, but we suggest that the core region response
to rotating convective elements found by Willoughby
(1988) provides a more plausible physical mechanism.

Several mechanisms have been suggested as causing
perturbations on tropical cyclone tracks, such as in-
teractions with surrounding synoptic systems, other
tropical cyclones, and land. We suggest, however, that
many of the meanders may arise from interactions with
mesoscale systems within the cyclone circulation. In a
case study of Typhoon Sarah (1989), we presented
strong observational and modeling evidence that the
track meanders arose from interactions with mesoscale
convective systems orbiting in the cyclonic circulation.
Two separate MCSs were observed over a period of
several days in Sarah and were associated with marked
track oscillations. Incorporating mesoscale vortices at
the same locations in the barotropic model produced
similar track perturbations to those that were observed.

We hypothesize that many of the observed meanders
in tropical cyclone tracks arise from interactions with
mesoscale systems that develop within the cyclone cir-
culation. In concurrent work to be reported separately,
we have found that the development of anticyclonic
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FIG. 11. Tracks of Typhoon Sarah and the superimposed mesoscale
vortices from 48-h barotropic model experiments starting at 2300
UTC on (a) 7 September, (b) 9 September, and (c) 10 September
1989. Letters indicate forecast tracks with no superimposed vortex
(N), with a half-strength (H), and with a full-strength (F) vortex.

systems within the overall storm circulation can pro-
duce anticyclonic meanders. Such interactions can ex-
plain all of the observed meandering features. If true,
this finding will have a substantial impact on the meth-
ods adopted to improve tropical cyclone track fore-
casting, as many of the scales of interest are not ade-
quately observed by current networks.

The interactions presented here lie in scale between
the well-documented binary tropical cyclones (Fuji-
whara 1921; Brand 1970; Dong and Neuman 1983)
and the impact of core-region convective elements
(Neuman and Boyd 1962; Willoughby et al. 1984;
Willoughby 1988, 1990). If we further include the
myriad of potential interactions with other surrounding
weather systems, we arrive at a range of interacting
scales for which there are individual studies and the-
ories. A challenge for the future is to develop a more
unified view of such interactions.

This study has neglected the effects of vertical vari-
ation in the vortices and concentrated on the barotropic
interactions. Vortices lying at different levels in a fluid
introduce circulations at other levels so that their in-
teraction will be qualitatively similar to that described
above for Typhoon Sarah. Quantitative differences will
arise from the nature of their vertical structure and of
the basic atmospheric state. An excellent example of a
strongly sheared system producing a marked meander
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in the surface vortex may be found in the description
of Typhoon Ken-Lola in JTWC (1989).

Further work is being undertaken to examine these
mechanisms in more detail, to rigorously test the hy-
pothesis and to examine the interactions involved with
small-scale oscillations and vertical structure.
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