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ABSTRACT

This paper investigates the possible physical processes involved in
tropical cyclone motion, The first part analyzes the relation between
the synoptic~scale flow around tropical cyclonmes and cyclone movement.
It was found that, in most cases, tropical cyclomes in the Northern
(Southern) Hemisphere move to the left (right) of and faster than their
environmental flow. However, westward- and eastward-moving cyclones
tend to differ in their relations with the environmental flow,

To understand these observations, an analytical study using a
simplified form of the divergent barotropic vorticity equation was
performed. The results show the importance of the change in the
Coriolis parameter across the cyclone in determining cyclone motion,
The environmental flow was found to advect vorticity to the front of the
cyclone. These two factors, combined with the coupling between the
total divergence and the earth’s vorticity, produce maximum local
changes of relative vorticity at locations that can be interpreted to
correspond to the observatiomal results,

The interaction between the vortex and the environmental flows was
further investigated by analyzing the radial equation of motion.
Results from a simple model and observations both indicate the presence
of radial accelerations which can be explained in terms of parcel
trajectories, The difference of radial accelerations between the right

and left sides of the cyclome (with respect to cyclone direction) was
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found to be proportional to the speed of the cyclone, Differences in
radial accelerations between the front and the back of a cyclone appear
to be related to a change in cyclome direction.

Vorticity budgets for cyclomes with different speeds and turning
directions were then analyzed. The horizontal advection of absolute
vorticity and the divergence terms in the vorticity equation were found
to be predominant. The tilting and vertical advection terms are much
smaller in magnitude., The sum of all the terms gives a very good
estimate of the local change of relative vorticity in the mid-—
troposphere. These results are consistent with those from the
analytical study of the vorticity equation described above.

Combining the theoretical and observational results, a hypothesis
is proposed to describe the possible rhysical processes involved in
tropical cyclone motion., Interaction of the vortex and environmental
flows brings about a vorticity increase to the front of the cyclone,
This increase in relative vorticity forces a mass adjustment through
subsidence, producing a net tropospheric warming and eventually a new
center of vortex circulation. The movement of a tropical cyclone is
therefore one of '’'propagation’’, with eye wall clouds continually
reforming around the mnew '‘eye’’ and dissipating around the old center.
Observational evidence of this hypothesis is presented using data around

cyclones which underwent a change in direction.
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CHAPTER 1 — INTRODUCTION

1.1 Background

The movement of tropical cyclones is one of the most important
forecasting problems in tropical meteorology. Since the 1940's, a
number of cyclone track forecast schemes have been developed based on
past observations, With the advance of computer technology, numerical
methods have also been designed to predict tropical cyclone motion.
With the exception of a few theoretical studies in the 1950's and early
1960's, very little research has been devoted to the understanding of
the physical processes responsible for tropical cyclone motion. This is
partly dvue to the mathematical complexity of the problem which iavolves
the interaction of & vortex with its surrounding flow, From the
observational perspective, data are usually too sparse around tropical
cyclones to perform meaningful calculations of dynamic and thermodynamic
quantities that might reveal the physical processes involved. Finally,
those who are naturally most interested in tropical cyclone motion are
hurricane/typhoon forecasters whose main objective is to make a better
track forecast by whatever means possible. The physics of the motion
process does not necessarily have to be considered.

What appears to be generally overlooked, however, is a perception
that a better understanding of the physics of cyclone motion might iead
to better track forecasts. This is because the proper physics of
cyclone motion could them be incorporated into empirical and numerical

models. Special efforts could also be made to measure the parameters



most relevant to cyclome motion. Furthermore, from a scientific point
of view, & physical theory is needed to explain the various observed
characteristics of tropical cyclone motion.

All observational studies on tropical cyclone motion in the past
dealt with the synoptic—scale flow (~ 500 - 1000 km) around the cyclone.
This is not merely due to the lack of data around the center of a
cyclone. More importantly, it is because most studies demonstrate a
highly significant relation between tropical cyclone motion and its
surrounding flow on such a scale. In other words, the movement of a
tropical cyclone can be described approximately by the directionm and
speed of the flow at ~ 500 — 1000 km from the center of the cyclone,
This has been referred to as the steering flow concept. The pressure
level at which the speed and direction of the surrounding winds (or
equivalently, the pressure or height gradients across the cyclone) best
correlate with those of the cyclone is called the steering level.

Based on the steering concept, a number of tropical cyclone track
forecasting schemes have been developed to relate statistically or
dynamically cyclone motion to the surrounding flow field. See for
example, Riehl and Shafer (1944), Miller and Moore (1960), Tse (1966)
and Renard et al. (1973). For a detailed description of these methods,
the reader is referred to the WHO Tropical Cyclome Project Report Number
WMO-528 (World Meteorological Organization, 1979). Although different
forecast schemes employ different steering levels, it is generally
accepted that the mid-tropospheric levels (700 mb and 500 mb) are the
best in predicting tropical cyclone movement. Attempts to use winds and
heights at upper tropospheric levels (see for example, E. Jordan, 1952;

Miller, 1958) have not been as successful., No unified comnclusion can be



reached from all these schemes as to the location (relative to the
cyclone center) at which one should measure the surrounding winds or
height gradients to get the best description of cyclone movement for all
classes of cyclones. This diversity exists because the data samples
used in these studies have in general not been large and the variety of
cyclone types has not been extemsive,

However, with the accumulation of rawinsonde data over the last
twenty years, it is now possible to document more thoroughly the
relation between tropical cyclone motion and its surrounding flow
through various compositing technigues, In addition, research flights
into tropical cyclones have collected vast amounts of data near the
cyclone center. These two types of data provide a new opportunity to
study the interaction between & tropical cyclone and its environmment,
Therefore, the present study was undertgken to re—examine the whole
problem of tropical cyclone motion. Note, however, that this paper will
only address the basic physical processes involved in tropical cyclone
motion. The problem of track forecasting is not specifically dealt
with.

1.2 Objectives and Approach

As mentioned in the last section, observational results in the past
have not been able to document conclusively the relation between
tropical cyclome motion and its surrounding flow. The first part of
this study is therefore devoted to z more comprehensive analysis on the
steering flow problem in order to determine:

1) which level(s) is(are) the best steering level(s);

2) how far from the center of the cyclone the surrounding flow

best correlates with the movement of the cyclomne; and



3) if the correlation in (2) varies among cyclomes in different
oceans, with different directions and speeds of movement, at
different latitudes, of different intensities, intensity
changes and sizes, etc,

After this observational information is established, the main
objective is to investigate the possible physical processes that cause a
cyclone to move. Such processes will be used to explain the
observational results, To study the physics of cyclone motion, two
different approaches will be used. The first one involves an amalytical
study of a simplified form of the divergent, barotropic vorticity
equation. Although previcus studies using this type of model have been
performed (see Chapter 3 for a review of these studies), the approach
used here is more applicable in explaining some of the observations made
in the first part of this paper.

The second approach is an anslysis of the dynamic parameters
(wind-pressure balance, divergence, vorticity, vertical motion, terms in
the vorticity equation, etc.) computed from observations made around
tropical c¢yclones. These include not only rawinsonde data but also
those obtained from research aircrafts. This latter type of data, which
describes the flow near the center of a cyclome, has not yet been used
in the study of tropical cyclone motion. A combination of aircraft and
conventional rawinsonde data (the latter being virtually non—existent
within ~ 100 km from the cyclone center) will give a continuous
description of the flow field around the cyclone, The vorticity budget
and related parameters were then analyzed for cyclones with different

characteristics. The results appear to be able to explain the



observations made in the first part of this paper and also those by Chan
et. al. (1980) in a study of turning motion of tropical cyclones.

A conceptual model of tropical cyclone motion is then developed
from the results obtained using these two approaches. This model offers
a2 hypothesis of the possible physical processes respomsible for tropical
cyclone motion. Observational evidence supporting this hypothesis is
found in the turning motion data set used by Chan et al. (1980).

1.3 Structure of the Paper

The layout of the paper follows closely the development of the
objectives described in the last section. Chapter 2 presents
observational results of the relation between the movement of tropical
cyclones and their surrounding synoptic—scale flow, Rawinsonde data
composited around tropical cyclones in three ocean basins (west
Atlantic, northwest Pacific and Australia— South Pacific) were used.
These cyclones were composited (by other researchers at Colorado State
University) according to specified characteristics such as latitude,
direction, speed, intemsity, intensity change and sizes. Relationships
between the direction and speed of the synoptic-scale surrounding flow
and those of cyclone movement for the composites were established.

In Chapter 3, a review of previous theoretical studies on tropical
cyclone motion is presented. This provides some background information
on the different hypotheses that have been advanced to explain tropical
¢yclone motion. An analytical study using a simplified form of the
divergent barotropic vorticity equation is then discussed in Chapter 4.
After the general theory has been established, several simple cases that

have close resemblance to real sitwations were investigated. Results



from these cases can be used to explain some of the observations made in
Chapter 2.

An investigation of the balance between the centrifugal force, the
Coriolis acceleration and the height gradient terms in the radial
equation of motion in cylindrical coordinates is described in Chapter 5.
A simple theoretical analysis was first performed to study the type of
imbalance that is possible when an environmental circulation is
superimposed onto a vortex circulation. To study the validity of the
theoretical analysis, three types of data were analyzed. First, data
collected from research aircrafts of the National Hurricane Research
Project (for Atlantic cyclones occurring during the period 1957-1967 and
in 1969%) were used. These provide information near the cyclone center,
The other data sets studied are those in Chapter 2 which relate to the
speed of a cyclone, and those from a study of the turning motion of
tropical cyclones by Chan et. al. (1980), Results obtained from these
data sets generally agree with those predicted from the theoretical
analysis.

Chapter 6 presents calculations of the vorticity budget for the
data sets studied in Chapter 5. The theoretical results of Chapter 4
appear to agree very well with these calculations.

Both observational (Chapters 5 and 6) and theoretical results
(Chapter 4) point to the importance of the vorticity budget in
determining tropical cyclone motion. By synthesizing these results, a
physical hypothesis of the physical processes responsible for tropical
cyclone motion is proposed in Chapter 7. Observational evidence of this
hypothesis is found in the turning motion data set used by Chan et al.

(1980). Future possible research and potential applications of this



study in operatiomnal forecasting of tropical cyclone movement are

discussed in Chapter 8.



CHAPTER 2 - RELATIONSHIPS BETWEEN TROPICAL CYCLONE MOVEMENT
AND ITS SURROUNDING FLOW(1)
2,1 Introduction

As discussed in section 1.2, the main objective of this part of
study is to establish the relationships between the movement of a
tropical cyclone and its surrounding synoptic—scale flow. In order to
accomplish this, data around a large number of cyclomes must be
analyzed. However, only a few observations are usually available for
each 12 h position of the cyclone. These observations may not be
representative of the actual surrounding flow. This is one reascomn for
the diversity of results obtained by different researchers as to the
location (relative to the cyclone center) at which one should measure
the winds or height gradients to get the best description of cyclone
movement for all types of cyclones., One way to avoid this is through
compositing data around many cyclones with similar characteristics. Two
such studies had been carried out in the past.

George and Gray (1976) established statistical relationships
between the movement of northwest Pacific tropical cyclones and their
surrounding winds averaged between 1-7° latitude(2) radius from the
cyclone center. They found that over this broad radial belt, the
composite 500 mb winds have the strongest correlation with the direction

of cyclone movement while the 700 mb winds best correlate with cyclone

(1) Part of this chapter has been accepted for publication (Chan
and Gray, 1982b). An extended version of this chapter has also
been published as a CSU Atmospheric Science Paper (Chan and Gray,
1982a).

(2) Hereafter, a unit of distance will usually be referred to in
degrees latitude (1° latitude = 111,1 km).



speed. Gray (1977) presented a similar composite analysis of the winds
at 1-7° radius around west Atlantic tropical cyclones. The results were
in general agreement with those obtained by George and Gray (1976).
However, the winds in these studies were averaged over an area in which
both the cyclone circmlation and part of the environmental flow are
present, This radial belt, therefore, will not provide the best
description of the relationships between the movement of the cyclone and
its envirommental winds.

The present study is an extension of these two previous analyses.
Composite wind data over an area (5°-7° 1atitude radius from the cyclone
center) outside the strong inmner circulation of the cyclone (see, for
example, Merrill, 1982) were correlated with c¢yclone movement in the
west Atlantic, northwest Pacific and Australian-south Pacific regioms,
More stratifications for both west Atlantic and northwest Pacific
cyclones have been included to test the validity of the conclusions in
the two previous studies. Data at individeal levels as well as mean
layer averages were studied and compared for data sets with different
characteristics,

2,2 Methodology and data stratifications

The methodology used in this study, as discussed in the previous
section, is to composite data around tropical cyclomes with similar
characteristics so that a more even azimuthal coverage of data can be
obtained. Although such a procedure undoubtedly smooths out features
particular to individwal c¢yclones, those characteristics that are common
to all cyclones in the same stratification should be isolated. In
addition, noise from the data will be largely eliminated through the

process of averaging. A more detailed description of this compositing
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philosophy can be found in the papers by Williams and Gray (1973), Frank
(1977), Gray (1981) and other Colorado State University tropical cyclone
research reports. Corrections for balloon drift and mass—balance were
made in the same way as described in these papers and reports.

2,2.1. Stratification of the cyclones

Tropical cyclones with maximum sustained wind speed (Vmax) 218 m

s"1 in the northwest Pacific (time period: 1961-1970), west Atlantic

(1961-1974), and Australian—south Pacific (1961-1970) oceans were
studied., The cyclones were stratified according to their direction and
speed of movement, latitude, intensity, intensity change and size.
These stratifications are listed in Tables 1, 2 and 3.

2.2,2, Compositing technique

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

The + 6h (from current position) best-irack positions were used to
determine the direction and speed of cyclone movement. Each parameter
(in this case the wind components) for all soundings falling within any
given grid box for a stratification are then averaged. This average
value is assigned to the mid—point of the grid box, giving a total of 64

values of each parameter at each pressure level.
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TABLE 1

Description of stratifications of tropical cyclomes in the northwest
Pacific. All czflones under study had a maximum sustained wind speed
(v a ) >18m s ~. The number of rawinsonde soundings in each group of
stratifications within the 5-7° latitude radial band is ~ 1000,

STRATIFICATION DESCRIPTION

By Latitude o

North Cyclone Latitude of cyclone > 20 N

South Cyclone Latitude of cyclone ¢ 20°N

By Speed -1

Slow Cyclone Cyclone speed (Vc) £3ms

Moderate Cyclone 4 m s—l £ Vc £7Tnm s—1

Fast Cyclone V.>1Tm s 1

By Direction o .
Westward Cyclone 250" { Cyclome girection (CDh) < 310
Northward Cyclone 310° < CD < 350

Eastward Cyclone 350° ¢ cp £ 60°

By Intensity

Weak Cyclone 980 mb ¢ Central Pressure (CP) ¢ 1000 mb
Intense Cyclone 950 mb ( CP £ 980 mb

Very Intense Cyclone CP < 950 mb

By Intensity Change

Deepening North CycloneCP was decreasing at the time of
observation; latitude of cyclonme > 20°N

Deepening South CycloneCP was decreasing at the time of
observation; latitude of cyclome { 20°N

Filling North Cyclone CP was increasing at the time of
observation; latitude of cyclome > 20N

Filling South Cyclonme CP was increasing at the time of
observation; latitude of cyclone { 20N

By Size and Intensity (3)
Small Tropical Storm 980 < CP < 1000 mb; 1° £ ROCI

Medium Tropical Storm 980 mb { CP < 1000 mb; 4° £ ROCI
Large Tropical Storm 980 mb ¢ CP { 1000 mb; ROCI > 6°

Small Typhoon CP < 980 mb; 1° ¢ ROCI ( 3°
Medium Typhoon CP < 980 mb; 4° ¢ ROCT < 5°
Large Typhoon CP £ 980 mb; ROCI > 6

(3) ROCI — radius of outermost closed surface isobar averaged around the
cyclone to the nearest whole degree latitude.
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TABLE 2

Same as Table 1 except for tropical cyclomes in the west Atlantic. The
number of rawinsonde soundings in each group of stratifications within
the 5-7° latitude radial band is ~ 900,

STRATIFICATION DESCRIPTION

By Latitude

Region I Cyclone(4)

Cyclone locatlon lat. £ 18 N
long. > 45°W or lat. < 22°N,
75°W £ long, £ 87°v.

Region II Cyclone(4) Cyclone locatxon 18°N < 1at. £ 35 °N
long. > 45 %y except those

already included in Region I,

By Speed -1
Slow Cyclone Cyclone speed < 4 m 53
Fast Cyclone Cyclone speed > 4 m s
By Direction -
Northward Cyclone Direction of movement: 316°-45
Westward Cyclone Direction of movement: 225°-315°
By Intensity -1
Hurricane Maximum sustained wind (vﬁax) >33 ms
Tropical Storm 18 m s—1 LV {33 m s“1
max

By Size and Intemnsit -1 -1
Small Tropical Storm 18 m s = Vmax {33 ms ~;

1° ¢ rocr ¢ 3°
Large Tropical Storm 18 m s_loi Vlnax {33 m shlz

ROCI > 4

. -1 [ o

Small Hurricane Vma 233 ms ;17 {ROCI £ 3
Large Hurricane Latitude of cyflones > 25 N
North v 233 ms 7; ROCI > 4°

max
Large Hurricane Latitude of cyglomes 25 N
South Vmax 233 ms 7; ROCI > 4°

(4)See Fig. 2 for a more detailed description of the regionmns.
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TABLE 3
Same as Table 1 except for tropical cyclomes in the Australian-south
Pacific region. The number of rawinsonde soundings in each group of

stratifications within the 5—70 latitude radial band is ~ 500.

STRATTFICATION DESCRIPTION

By Direction

Eastward Cyclone CP < %90 mb
40° ¢ cp ¢ 150°
Westward Cyclone CP £ 990 mb

210° ¢ ¢p ¢ 320°

By Intensity and Region

All Hurricanes CP £ 990 mb

Coral Sea Hurricanes Longitude east of 136°E
CP < 980 mb

Coral Sea Tropical Storm Longitude east of 136°E
980 mb < CP ¢ 995 mb

West Australian Hurricane Longitude west of 136°E
CP < 980 mb

The wind vectors were resoclved in two coordinate systems. The
first system involves resolving each wind observation into a parallel
component (V?) along the direction of cyclone movement and a component
normal (VN) to this direction, as shown in Fig. 5. This will be
referred to as the ROTated (ROT) system., In order to study the
environmental flow relative to the cyclone, a second coordinate system
is used in which the speed of the cyclone Vc was subtracted from the
parallel wind component (VP) for each sounding. The composite method

was then applied to the difference VP — V. which is labeled as Vpy (see
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Fig. 2. West Atlantic rawinsonde stations,
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NORTH,
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STORM DIRECTION

QCTANT NO |

Fig. 4. 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.

VPARL\LLEL

= VyormaL
STORM MOTION SYSTEM
MOTION COMPONENT VECTORS
VECTOR

Fig. 5. Parallel (Vp) and perpendicular (Vy) component of a wind

vector showing their relation to the storm motion vector in the
ROT system.
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Fig. 6), This will be referred to as the MOTROT (for MOTion-ROTated)

system, The normal component V., is the same as in the ROT system. See

=z

t al. (1980) for a more detailed

George and Gray (1976) or Chan

w

description of these two coordinate systems,

A

CYCLONE A ACTUAL

MOTION WIND

VECTOR VECTOR
Ve

W
—— = -
¥ Veu T T

WIND VECTOR RELATIVE TO
CYCLONE MOTION

{MOTROT SYSTEM)

SUBTRACTION OF CYCLONE MOTION VECTOR

‘*—————————-—-——w——

Fig., 6., Illustration of the MOTion—ROTated (MOTROT) coordinate system.

2.3 Relationship between the surrounding flow and the direction of
cyclone movement

A convenient parameter to describe the relationship between the
surrounding flow and the direction of movement of tropical cyclones is
the difference between the direction of the surrounding wind and that of
the cyclone motion vector. If the ROT system described in sectiom 2.2.2

is used, this Directional Difference (DD) is given by
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arc tan (VN/VP) VP >0
_ 0
DD ={ arc tan (VN/VP) + 180 VN >0, VP <0 (1)

(2]

arc tan (VN/VP) - 180 VN <0, VP <0

where VN and VP are the components of the composite wird normal and
parallel to the direction of cyclone movement. The parasmeter DD
therefore represents the deviation of the composite wind in a particular
octant and radial band from the direction of movement of all tropical
cyclones in a particular stratification. A positive value of DD means
that the cyclone is moving to the left of the composite wind.

The basic hypothesis in the steering-flow concept is that the
cyclone can be considered as a2 point vortex so that its circulation does
not interact with that of the enviromment. That is, the cyclone is
simply "advected” along by the envirommental flow. If this is the
case, the directional difference at the steering level should be about
the same for cyclones with different characteristics. Under this
assumption, the steering level can be determined by studying the scatter
of the values of DD for data sets in the same ocean at each pressure

level. The scatter S is defined as

[N
s = \Il X (x, -1?
N . i
i=1
where N = total number of data sets
x, = value of parameter x for data set i
x = mean valvue of parameter x for all datas sets,

In z sense, the value of 8 is similar to the standard deviation of
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a sample. However, it cannot be interpreted in the same way because the
data sets are mnot all independent and the values of X, are sample means,
Nevertheless, this calculation will provide a measure of the spread of
the values of the parameter x among the data sets. The level and radius
with the least amount of scatter is then assumed to be the steering
level. Mid-tropospheric (700-500 mb) data 5-7° from the cyclone center
appear to satisfy this criterion the best. This is not surprising since
forecasters have traditionally found these to be the best steering
levels,

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

One problem in determining the ’'steering current’ is that the
environmental flow may not be uniform around the cyclone. Therefore,
each part of the cyclone may be subjected to a different current. The
best way to avoid this problem is to consider the mean surrounding flow,
that is, by relating cyclone movement to the average flow around a
radial band. To calculate a radial band average of DD, the values of V

N
and VP in each of the eight octanis are averaged to obtain mean VN {ox
VN) and mean VP {or VP) valnes. Eq. (1) is then applied using Vﬁ
and VP to give the radial band average of DD (or 35). The wvalue

DD therefore represents the difference between the direction of the

mean wind in a particular radial band and that of the cyclone. This was

done for all radial bands at each individual pressure level, As
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mentioned above, the smallest scatter in the values of DD appears 5-7°
from the cyclone center, Therefore, only data at this radius will be
presented,

2.3.1 Variation with height

Northwest Pacific. Figure 7 shows a plot of the 5-7° belt average

winds in the ROT coordinate system (see section 2.2.2) at different
levels for all data sets in the northwest Pacific. These winds were
plotted using the values of VN and ﬁf . The direction of cyclone
movement is towards the top of the figure. This figure shows that for
all the data sets, the cyclone is moving to the left of the direction of
the mean wind at all the cyclonic levels (below 300 mb) except near the
boundary layer (below 900 mb). The least variability between data sets
appears to be in the mid-troposphere. More variability exists both at
the anticyclonic levels (above 300 mb) and in the boundary layer.

The actual variations of the belt average deviation of (DD) with
height for all the data sets in the northwest Pacific are shown in Fig.
8. A positive number means that the cyclonme is moving to the left of
the mean wind. It can be seen that for most of the data sets, the
values of DD do not vary much throughout a large portion of the
troposphere. This suggests that the average flow around most of these
c¢yclones does not have much directional wind shear in the vertical,

Some variations within each category of cyclomes can also be seen
in Fig. 8. Cyclones at latitudes north of 20°N seem to move more to the
left of the mean wind than those south of 20°N, Similar results have
also been obtained by Brand et al. (1981)., In the speed category,
siow—moving cyclones appear to have a much larger variation of DD

values in the vertical. Northward-moving cyclones have DD values
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increasing with height while the opposite is true for westward-moving
cyclones. As a cyclone increases in intensity it seems to move more to
the left of the mean wind. The values of DD also appear to increase
with the size of the cyclone.

Since little variability in the values of PD in the vertical
exists, winds at a single level in the mid-troposphere might be used to
describe the directional movement of a tropical cyclone equally as well
as layer—averaged winds., More discussion of this will follow.

West Atlantic. Figure 9 shows the 5-7° belt average winds in the
ROT coordinate system for west Atlantic tropical cyclomes. The portion
of the atmosphere in which the variability between data sets is small
seems to be confined only to the mid-troposphere between 700 mb and 500
mb. For each data set, the variation in the vertical is slightly larger
when compared with northwest Pacific tropical cyclones. Most cyclones
move either in the same direction or to the right of the mean winds
below 80C¢ mb. In the mid— to umpper troposphere, however, west Atlantic
cyclones move to the left of the mean wind, as in the northwest Pacific.
In the mid-troposphere the winds are, in general, weaker than those in
the northwest Pacific and the values of DD are also smaller,

These observations are more clearly shown in Fig. 10, The values
of DD appear to increase with height from the surface up to ~ 150 mb
for all the data sets with the exception of the westward-moving data
set., Westward-moving cyclones tend to move in the same direction or
slightly to the right of the mean wind direction. Values of DD above
300 mb for this data set were not plotted because the winds are very
weak (as shown in Fig, 9) and directional deviations are, therefore,

less well defined.
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Variations within each category of cyclones can also be seenm in
Fig., 10. Region I ( ~ south of 18°N) cyclones move less to the left of
the mean winds than cyclones in Region II { ~ morth of 18°N).
Westward-moving cyclones have quite different values of DD than
northward-moving cyclones. This is the same as the northwest Pacific
except it is more obvious for west Atlantic cyclones. The values of DD
also appear to increase slightly with the size of the cyclone. However,
from a practical point of view, the differences in the values of DD
between cyclones of different sizes may not be discermable, Therefore,
it might be possible to assume that the direction of cyclone movement
can be described adequately using the 5-7° mean wind (at least in the
mid-troposphere) irrespective of the size of the cyclome. This is true
in both the northwest Pacific and west Atlantic,

The general increase in the values of DD with height for west
Atlantic tropical cyclones suggests that the cyclones are in an
environment with a stronger average directional vertical wind shear than
northwest Pacific cyclones. This type of shear profile would imply that
using layer—averaged steering might be superior to using single-level
steering, This will be discussed in greater detail later.

Australian—south Pacific region. Figure 11 gives the 5-7° belt~

averaged winds in the ROT coordinate system for tropical cyclomes in the
Australian—south Pacific region, At first glance, the data appear to be
very noisy. However, a closer examination shows that for data sets
classified under ’'intensity and region’, the variability among the data
sets in the mid- to upper—troposphere is actually very small, with the

c¢yclone moving to the right of the mean wind direction above 700 mb.
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Fig. 11. Same as Fig. 7 except for tropical cyclomes in the Australian
—south Pacific region.

This is also the case for eastward-moving cyclones, Westward—-moving
cyclones appear to move to the left of the mean wind at levels up to 400
mb.,

These variations are better illustrated in Fig. 12 which gives the
5-7° belt-average deviations (DD) at different levels, The values of

DD generally decrease with height, opposite to those of the west
Atlantic., These profiles again demonstrate the existence of an average
directional wind shear profile in the vertical, This shear appears to
be stromger in the lower troposphere {below ~ 600 mb).

Another important feature in Fig. 12 is the difference in the DD
profiles between westward and eastward-moving cyclones. This same type
of difference between cyclones moving in different directions also shows
up in the two northern hemisphere ocean basins (see Figs. 8 and 10). It
appears that when directional vertical wind shear is present (as in the

west Atlantic and Australian-south Pacific regions), this difference in



29

DIRECTION INTENSITY AND REGION
. . CORAL SEA
N I Y ALL CORAL SEA |  TROPICAL
HURRICANES| HURRICANES JHURRICANES| HURRIGANES STORM
t00y i ] |
F 1 |
N\
00—
| |
| }
T I |
l l 7
[y ||
5400 I | | ‘&'
€ | | | H
2 | | | @
gooo— i | | :
& |
|
|
s 1|
I I
| | | |
00— \| | | |
| | | |
] | |
BOO— { | |
| | | |
' JL)
oo~ |
CL
p L I |1 L
5 0O 5 5 50 5 0 5 0 L]

|
DIRECTIONAL DéVlATION o 05EGREES-)
Fig. 12. Same as Fig. 8 except for tropical coyclones in the Australian

—-south Pacific region,

directional deviations (between cyclones moving in different directions)
is more obvious. One must conclude that the deviation of the cyclone
direction from that of the mean wind at a given level is related to the
zonal and meridional direction of cyclone motion.

Summary. The results in this subsection show that the vertical
variation of the deviation of the cyclome direction from the 5-7% belt
average wind direction for all three tropical regions depends on the
directional vertical wind shear of the environmental winds. The least
variability among data sets in a given ocean basin appears to be in the

mid—-troposphere. Most cyclones in the Northern Hemisphere move to the

left of the 5-7° belt average wind (at least in the mid-troposphere)
while cyclones in the Southern Hemisphere, in general, move to the right

of mid-tropospheric winds at this radius. Such deviations appear to be
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slightly modified by latitude, intensity, and size of the cyclone.
However, cyclones with different zonal components of motion have large
differences in the DD values, This, as will be seen in Chapter 4, is
very much related to the variation in the Coriolis parameter across a
cyclone,
2.3.2 Individual level

Since the mid-tropospheric winds at 5-7° radius give the least
amount of difference in the directional deviations between data sets,
these levels will now be more closely examined, The actual values of
DD for all data sets at 700, 600, and 500 mb and the corresponding
standard deviations are presented.

Northwest Pacific. Table 4 shows the 5-70 BB values for

northwest Pacific tropical cyclones at 700, 600, and 500 mb. All
cyclones move to the left of the 5-7° mean wind by about the same
amount, an indication of the relatively small vertical wind shear in
this ocean basin (see also Fig. 8), Since such a consistency exists
between data sets with widely different characteristics, one might
conclude that the steering flow theory appears quite applicable,
particularly in the mid-tropospheric levels. However, if such a theory
is correct, one would expect the value of DD to be near zero, While
this is true in a few stratifications, a systematic difference of ~ 20°
exists between the mean 5~7° wind direction and the direction of cyclone
movement. This suggests that the large—scale flow, though the dominant
factor, is not totally responsible for the directional movement of the
tropical cyclone., Other factors, which will become apparent in later
chapters, must be present to provide such a systematic directional

deviation.
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TABLE 4

Directional Difference (DD) between the 50-7° radial band average wind
and the direction of cyclone movement for northwest Pacific tropical
cyclones. (8See text for a description of how the averages and the
scatter were calculated.) A positive number indicates the cyclome is
moving to the left of the meam wind. Unit: degrees.

STRATIFICATION 700 mb 600 mb S00 mb

By Latitude

North of 20°N 19 22 26
South of 20°N 9 10 4
By Speed -1

Slow (13 m s ) _; 23 32 34
Moderate (4- 7—f s ) 16 22 29
Fast (> Tm s 19 17 17
By Direction

Westward (250°-310°) 21 21 17
Northward (310°-3507) 18 23 28
Eastward (350°-60°) 16 18 22
By Intensity

Weak (1000-980 mb) 21 16 14
Intense (950-980 mb) 23 25 26
Very Intense (< 950 mb) 24 34 42

By Intensity Change

Deepening North of 20 N 19 23 29
Deepening South of 20 °N 29 33 25
Filling North of 20°N 22 24 24
Filling South of 20°N 3 13 23
By Size and Intensity

Small Tropical Storm 17 11 13
Medium Tropical Storm 19 15 19
Large Tropical Storm 238 22 8
Small Typhoon 22 24 21
Medium Typhoon 17 18 19
Large Typhoon 24 30 36
Mean 19 22 23

Scatter 5.8 6.8 9.1
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West Atlantic. Table 5 gives the values of DD for west Atlantic

tropical cyclones. Similar results are found. Cyclones generally move
to the left of the 5-7° mean wind. A few stratifications, however, show
different results, particularly the westward-moving tropical cyclones
which move slightly to the right of the 500 mb environmental flow.

Australian-sonth Pacific _region, The 5-7° DD values for tropical

c¢yclones in the Australian-south Pacific region are shown in Table 6.

As discussed earlier, because of the large directiomal shear of the wind
in the lower to mid-troposphere, DD values are noisier than those in
the other two ocean basins., On the average, cyclones in this region
move to the left of the 5-7° 700 mb wind and to the right of the 5-7°
600 mb and 500 mb wind. This is not true for cyclomes having a large
zonal component. Westward-moving cyclones move consistently to the left
of the 5--7o mean wind at all three levels while the opposite is true for
eastward-moving cyclones.

Apart from the differences that cccur between cyclones with east
and west directions of movement, these results suggest that, in exact
opposite to the Northern Hemisphere, c¢yclones in the Southern Hemisphere
generally move to the right (rather than to the left) of the mid-
tropospheric flow. This should be expected if the same physical
processes are involved.

Summary. Although some variations exist in the DD values between
different composite data sets, a general consistency is found. Table 7
summarizes the mean values and the corresponding scatter for each of the
three ocean basins., It can be seen that cyclones in the northwest

Pacific have the smallest variability, a reflection of the small mean



Same as Table 4 except for west Atlantic tropical cyclomes.
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TABLE 5

STRATIFICATION 700 mb 600 mb 500 mb
By Latitude
Region I (South) -5 -3 1
Region II (North) 3 7 12
By Speed 1
Siow (1-3 m s_l) -1 0 11
Fast () 3 ms ™) 9 11 13
By Direction
Northward (316°-45°) 0 12 25
Westward (225°-315°) 5 -2 -8
By Intensity
Hurricane 2 3 5
Tropical Storm ) 0 12
By Size and Intensity
Small Tropical Storm 7 10 14
Large Tropical Storm 16 20 23
Small Hurricane 8 8 10
Large Hurricane North 23 22 24
Large Hurricane South -3 15 7
Mean 5 8 11
Scatter 8.2 8.1 9.3
TABLE 6

Same as Table 4 except for tropical cyclones in the Australian—south

Pacific region,

STRATIFICATION 700 mb 600 mb 500 mb
By Direction

Eastward (40°—150°% ~24 -20 -13
Westward (210°-320°) 33 19 12
By Intensity and Region

Hurricane 15 -3 -16
Coral Sea Hurricane 16 =7 -22
Coral Sea Tropical Storm 9 -5 -9
West Australian Hurricane 32 1 -2
Mean 14 -3 -8
Scatter 20.8 12.7 12.0
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TABLE 7

Summary of the mean directional differences between cyclome motion and
the 5-7° radial band mean wind averaged for all data sets in each ocean
basin. The corresponding scatter within each ocean basin is given in
parentheses.

Ocean Basin 700 _mb 600 mb 500 mb
Northwest Pacific 19 22 23
{5.8) (6.8) (9.1)
West Atlantic 5 8 11
(8.2) (8.1) (9.3)
Australian— 14 -3 -8
south Pacific Region (20.8) (12.7) (12.0)

directional vertical wind shear. The direction of movement of west
Atlantic cyclones tends to deviate less to the left of the mid-
tropospheric mean wind ( ~ 10°) than those in the northwest Pacific ( ~
20°). On the contrary, but with similar physical agreement, cyclones in
the Southern Hemisphere move to the right of the mean winds at 600 and
500 mb. Parts of these results are consistent with those obtained by
George and Gray (1976) and Brand et al. (1981) for the northwest Pacific
and those of Gray (1977} for the west Atlantic.

It is important to note that the means given in Table 7 are meant
to provide an idea of the average deviation of the cyclome direction
from the environmental flow direction. The deviation in individnal
cases will differ from the mean, although in most cases not
significantly. The amount of this difference depends on the various
characteristics of the cyclone, as discussed above.

2.3.3 Layer—averages
Four averages were calculated: surface to 100 mb, surface to 300

mb, surface to 500 mb and 700 mb to 500 mb., The layer—averaged
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component winds are denoted by <§N> and (Vb). where

= s N (2a)

and

- Py (2b)

with Py and P, being the lower and upper pressure levels of the leyer.
The layer—averaged directional deviation is then calculated by
substituting (VN> F <VP> into Eq. (1).

The reason for choosing the surface to 100 mb layer—average is to
test the validity of the suggestion by Sanders and Burpee (1968) and
Sanders et al. (1975) that the integrated tropospheric flow is the most
applicable ’'steering’ current. Riehl and Burgner (1950) and E, Jordan
{1952} used the surface to 300 mb mean flow as their predictor. The
surface to 500 mb mean flow is calculated for comparison with the deeper
surface to 300 mb mean flow pattern. The results in the previous
subsection indicate the importance of mid~tropospheric flow and hence
the 700 mb to 500 mb mean flow was also calculated.

Northwest Pacific. Table 8 shows the layer—averaged values of DD
for northwest Pacific tropical cyclones. Little variation exists
between the different pressure-weighted averages, This small variation
is also reflected in the mean for all the data sets. However, within
each category, slight differences that are consistent with the

discussion in the last two sub-sections exist between data sets.
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TABLE 8

Directional deviations between cyclone direction and direction of
layer—averaged 5 ~7° mean winds for different combination of levels for
northwest Pacific tropical cyclones. See¢ text for & description of how
these averages were calculated (Eq. 2).

100mb 300mb f 500mb 500mb
./;urface .[surface surface f?OOmb

By Latitude

North of 20°N 19 19 15 23
South of 20°N 2 6 8 8
By Speed -1

Slow {(1-3 m s ) -1 29 27 10 30
Moderate (4-7_¥ s ) 20 20 14 23
Fast (> T m s ) 12 14 15 18
By Direction

Westward (250°-310°) 9 17 18 20
Northward (310°-350°) 16 17 13 23
Eastward (350°-60°) 17 16 13 19
By Intensity

Weak (1000-980 mb) 8 14 16 16
Intense (950~980 mb) 16 20 18 25
Very Intense (£ 950 mb) 23 26 22 34
By Intensity Change

Deepening North of 20°N 23 23 17 23
Deepening South of 20°N 14 24 30 30
Filling North of ZOON 19 20 17 23
Filling South of ZOON 8 13 1¢ 13
By Size and Intensity

Small Tropical Storm 9 12 11 13
Medium Tropical Storm 9 14 16 18
Large Tropical Storm 1 14 19 19
Small Typhoon 15 16 15 22
Medium Typhoon 12 15 14 18
Large Typhoon 27 29 26 31
Mean 15 18 16 21

Scatter 7.5 5.6 5.2 6.4




37

Cyclones south of 20°N move less to the left of all the layer—averaged
flow than those north of 20°N. Slow-moving cyclones have the largest
deviations in the speed category. Am increase in the direction
deviation is also found to correlate very well with an increase in
cyclone intemsity. The deviation also increases with cyclone size, The
scatter among the data sets is about the same for the different lay;r—
averages. The mean flow corresponding to the layer of cyclonic flow
(surface to 300 mb or surface to 500 mb) has slightly smaller <DD>
values than the other levels. These results again demonstrate the
absence of appreciable mean directional wind shear in the vertical.

West Atlantic, Table 9 indicates that the directional variability
between data sets in the west Atlantic is larger than that in the
northwest Pacific, The smallest variation appears to be for the surface
to 300 mb average and the 700-500 mb average. These results again point
to the existence of directioral wind shear in the vertical. When
integrated over the lower troposphere (surface to 500 mb), the shear
near the boundary layer gives a large variability among data sets,
However, when the integration is made up to 300 mb or just in the mid-
troposphere (700-500 mb), the effect of the boundary layer is quite
small, If the upper tropospheric flow is included (surface to 100 mb),
a large variability exists because of the strong shear at the upper
levels, Therefore, it appears that in the west Atlantic where
directional wind shear is present in the upper and lower troposphere,
either the mid-troposphere or a deep layer corresponding to the cyclomnic
rotation of the vortex is a better predictor of cyclone direction,

As in the northwest Pacific, small variations between data sets

exist within each category. North cyclones move more to the left of the
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TABLE 9

Same as Table 8 except for west Atlantic tropical cyclones.
100 mb 300mb f 500mb 500mb
fsurface ./‘surface surface f?OOmb

By Latitude

Region I (South) -1 -3 -7 -3
Region II (North) 16 5 -4 7
By Speed -1

Slow (1-3 m s_l) 11 3 -7 4
Fast (> 3 ms ) 14 10 7 11
By Direction o

Northward (3160—450) 27 13 -5 13
Westward (225°-315°) -9 -5 -2 -1
By Intensity

Hurricane 10 3 -3 3
Tropical Storm 6 -1 -8 2
By Size and Intensity

Small Tropical Storm 14 9 5 10
Large Tropical Storm 22 18 11 20
Small Hurricane 12 8 5 9
Large Hurricane North 22 21 21 23
Large Hurricane South 18 4 -12 6
Mean i3 7 0 8

Scatter 9.7 7.7 9.2 7.6
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layer—averaged winds than south cyclones, In fact, south cyclones move
slightly to the right of the mean flow. This is also the case for
westward moving cyclones, These two data sets (south and westward-
moving) probably include almost the same cyclomes since cyclones south
of 20°N usually move westnorthwestward. Northward-moving cyclones, on
the other hand, are usually at higher latitudes. Therefore, consistent
with north cyclones, they move more to the left of the mean wind. These
results suggest the importance of the latitude (which relates to the
Coriolis parameter) in c¢yclone motion. This question has been addressed
in some thecretical studies (for example, Holland, 1982). See also a
more complete discussionm of this in Chapters 3 and 4. Anthes (1982)
also presented a review of this topic., In the intensity category,
hurricanes generally move more to the left of the layer—averaged flow
than tropical storms. The deviation also appears to increase with
cyclone size. The small (or even negative) deviation for the large
hurricane south data set is probably a result of the latitude of the
cyclones,

Australian—South Pacific region. Table 10 gives the layer—averaged

DD values for tropical cyclones in the Australian-south Pacific
region. The striking result is the consistency among data sets for the
surface to 100 mb layer—-average. It shows that Australian cyclones move
to the right of the 5-7° mean tropospheric wind. Because of the large
directional vertical wind shear, a relatively large variability exists
among the different layer—averages for a given data set, with the
exception of eastward-moving hurricanes (see Fig. 12).

Summary. The mean DD values for all data sets for each level- or

layer—average for the three ocean basins are shown in Table 11. It
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TABLE 10

Same as Table 8 except for tropical cyclones in the Australian—south
Pacific region,
flOOmb f 300mb 500mb 500mb
surface surface '/;urface ,["."OOmb

Eastward (40°(—)150°()) -10 -13 -14 =)
Westward (210°-320°) -9 14 22 22

By Direction

By Intensity and Region

Hurricane -20 -12 3 -5

Coral Sea Hurricane -15 -7 12 -12

Coral Sea Tropical Storm -13 -2 5 -4

West Australian Hurricane -22 -8 10 14

Mean -15 -5 6 0

Scatter 5.3 10.0 12,0 15.2
TABLE 11

Same as Table 7 except for level- or layer—averaged winds.,

100mb 300mb 500mb 500mb
Ocean Basin fsurface ./;urface ./;urface f?OOmb
Northwest Pacific 15 18 16 21
{7.5) {5.6) (5.2) {6.4)
West Atlantic 13 7 0 8
(9.7) {(7.7) (9.2) (7.6)
Australian—
south Pacific ~-15 -5 6 0

Region {5.3) (10.0) {12.0) (15.2)
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shows that the mean tropospheric flow (sarface to 100 mb) gives almost
the same results for all the three ocean basins, It seems that the mean
tropospheric flow, on the average, would be the best descriptor or
predictor for direction of cyclone movement, with cyclones in the

Northern Hemisphere moving to the left of this flow by ~ 15° and those

in the Southern Hemisphere moving to the right by about the same amount.
However, it appears that, for individmal ocean basins, the best layer
depends on the directional vertical shear of the envirommental wind in
that region, In gemeral, the more directional shear there is with
height the deeper the steering layer. When little directional shear is
present, mid-tropospheric and deep layer steering are comparable,
2.4, Relationship between the surrounding flow and the speed of
tropical cyclones

In both coordinate systems described in sectionm 2.2.2, the winds
are resolved into two components, one normal (VN) and one parallel (VP)
to the direction of cyclone movement, The normal component VN obviously
does not contribute to the scalar speed of the cyclone. The study of
the relation between the surrounding flow and the speed Vc of a cyclone
therefore reduces to relating the parallel component of the wind VP to
Vc. If the large—scale surrounding flow is the determining factor in
cyclone speed, as is the case with cyclone direction, them values of VP
relative to cyclone movement should be about the same for different data
sets. The MOTROT coordinate system described in section 2.2.2 is used
for this purpose., That is, for every wind observation, the value of VP
relative to the cyclome (VbM) is calculated from

V =V

PM P~ Ve

See Pig. 6 for an illustration of how this is dome. A composite was
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then made using the individual values of VP = Vc. The parameter VPM
therefore represents the composite relative (to the cyclone) wind
component parallel to the cyclone direction., A negative value of VPM
means that the cyclone is moving faster than the composite wind.

Again, as in the last section, the surrounding flow averaged around
a radial band is studied., That is, at each pressure level and each
radiuns, the average of the VPM for all eight octants in that radial

band, denoted by is computed. To find the ’'best' steering level

VPM’
and radius for cyclone speed, the standard deviations of VPM for data
sets at various levels and radii were calculated. Again, the 5-7°
radial band at the three mid-tropospheric levels (700, 600 and 500 mb)

have the smallest scatter among data sets for all three ocean basins.

Following the procedure used in section 2.3, the variation of 5-7° V

PM
with height will be presented, followed by individual level and then
layer—averaged winds.

2.4.1 Variation with height
Northwest Pacific. Figure 13 shows the vertical profile of VPM

at 5-7° for northwest Pacific tropical cyclomes. Little variatiom in
the vertical exists for most data sets except for the data set north of
ZOON, the fast-moving, eastward-moving, filling north of 20°N and large
typhoon data sets. This means that with the exceptiom of these five
stratifications, the other cyclones are generally embedded in an
environment with relatively small vertical speed shear. The variation
among different data sets, if those five stratifications are excluded,
is very small. For all data sets, the values of VPM are negative, at

least below ~ 600 mb. This means that tropical cyclones in the
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northwest Pacific gemerally move faster than their surrounding mean 5-7°
winds in the lower to mid-treoposphere.

West Atlantic. The vertical profiles of 5-7° VPM values for west
Atlantic tropical cyclones are shown in Fig. 14, The variation with
height for most data sets is not very large. Noticeable exceptions are
westward— and northward-moving cyclones, large tropical storms and large

hurricanes north of 25°N. Again, all cyclones move faster than the

lower and mid-tropospheric winds ( v

PM < 0). Between data sets, very

little difference between the valmes of VPM cann be noticed, especially
in the mid-—troposphere. It is also of interest to note that the same
relationship between the 5-7° wind speed and the cyclone speed holds for
cyclones of different sizes in both the northwest Pacific and the west
Atlantic, It therefore appears that despite the difference in the sizes
of cyclones, the 5—70 surrounding flow can be used to describe cyclone
movement,

Australian—south Pacific region. Figure 15 shows the vertical

profiles of 5-7° ?PM values for tropical cyclones in this region,

Considerable variation of VPM with height exists for most data sets,
indicating a large speed shear in the vertical. Similar to those in the
Northern Hemisphere, all cyclones move faster than the mean wind in the
lower troposphere (below ~ 600 mb). Although strong shear is present,
the values of VPM in the mid-troposphere are about the same among
different data sets,

Summary. The vertical profiles of VPM at 5-7° do not show much
variation among cyclones in the three ocean basins, when compared to the

vertical profiles of directional deviations. Exzceptions arise when the

cyclone is in an environment with strong vertical speed shear. However,
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Fig. 15. Same as Fig, 13 except for Australian—south Pacific region
tropical cyclones,

all the datea sets indicate that cyclones'tend to move faster than the
5—7O mean wind at the mid-troposphere, This is consistent with the
results obtained by George and Gray (1976) and Gray (1977). If the
assumption in the steering flow concept is correct, ome would expect

VPM to be near zero. The fact that GPM is always negative, at least
in the mid-troposphere, suggests that the cyclone is not simply being

"advected” along by the steering flow, This will be discussed further
in later chapters.

2.4.2 Individual levels

The results in the last subsection suggest that mid-tropospheric
data correlate best with cyclone speed. To quantify these results, the
values of VPM at 700, 600 and 500 mb and the corresponding standard

deviations between data sets are specifically portrayed.
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Northwest Pacific. Table 12 gives the valunes of VPM at 5-7° for
three mid—tropospheric levels for northwest Pacific tropical cyclones.

It can be seen that the ?PM values at 700 mb have the least spread

among data sets. Notice that all data sets show a negative VPM’
meaning that a tropical cyclone travels faster than its 6° mean 700 mb
wind, Similar observations can be made about the 600¢ and 500 mb data,
This was also reported by George and Gray (1976).

Note, however, that fast-moving and eastward—moving cyclomes and
those filling at latitudes north of 20°N alt move slower than the 500 mb
wind. These cyclones have a strong northward and/or eastward component
of motion. Therefore, it seems that the zonal and meridional components
of cyclone motion have some effect on the speed of the cyclone relative
to its envirommental wind. This will be explored more in Chapter 4.

West Atlantic. The values of 5-7° ¥V,  at 700, 600 and 500 mb for
west Atlantic tropical cyclones are shown in Table 13, Very little
scatter exists in the data sets for all three mid-tropospheric levels,
as evidenced by the standard deviations. The results also show that a

cyclone travels faster than its surrounding 6° mid-tropospheric winds.

Australian—south Pacific region. Table 14 presents the mid—

tropospheric 5-7° values of VPM for tropical cyclomes in the
Australian—south Pacific region. As mentioned in the last sub-section,
although large vertical speed shear exists in this region, the values of

VPM do not differ very much between data sets. Again, cyclomes travel
~1lm s_l faster than their surrounding mid-tropospheric winds,
Summary. To compare results obtained from the different ocean

basins, the mean values of VPM for all data sets in a given ocean

basin and the corresponding scatter are presented in Table 15, One
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TABLE 12

Radial band average of the relative (to the cyclomne) component of the
wind parallel to the direction of cyclone movement (V.. .) at 5° 7 radius
for northwest Pacific tropical cyclones. A negative valnf of V PM means
the cyclone moves faster than the mean wind., Units: m s .

STRATIFICATION 700 mb 600 mb 500 mb

By Latitude

North of 20°N ~1.4 -0.5 -0.2
South of 20°N -1.7 -1.5 ~1.3
By Speed -1

Slow (1-3 m s ) 1 -0.9 -0.3 -0.9
Moderate (4- 7-T s ) -1.,2 -0.8 -0.8
Fast (> Tm s -2.4 -0.4 0.7
By Direction

Westward (250°-310°) -2.6 -2.3 -2.3
Northward (310°-350°) -0.6 -0.9 -1.3
Eastward (350°-60°) -1.3 0.5 1.2
By Intensity

Weak (1000-980 mb) -1.4 -1.0 -0.3
Intense (950-980 mb) -1.4 ~0.4 -0.3
Very Intense (< 950 mb) -1.8 -2.0 -2.1
By Intensity Change

Deepening North of 20°N -0.9 -1.0 -1.5
Deepening South of 20°N -1.7 -1.5 -1.5
Filling North of 20°N -1.2 0.0 0.8
Filling South of 20 °N -2,2 -2.4 2.6
By Size and Intensity

Small Tropical Storm -1.5 -1.0 -0.8
Medium Tropical Storm -1.2 -0.5 -0.1
Large Tropical Storm -2.4 -1.9 -1.4
Small Typhoon -1.0 -0.6 -0.8
Medium Typhoon -1.1 0.2 0.4
Large Typhoon -1.6 -0.7 —0.35
Mean -1.5 -0.9 -0.5

Scatter 0.5 0.8 1.2




Same as Table 15 except for west Atlantic tropical cyclones.
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TABLE 13

STRATIFICATION 700 _mb 600 mb 500 mb
By Latitude

Region I (South) -0.6 -0.6 -1.0
Region II (North) -1.2 -1.2 -1.4
By Speed -1

Slow (1-3 m s_l) -0.6 -0.6 -0.5
Fast (> 3 m s ™) -2.0 -1.6 -1.5
By Direction o o

Northward (316 —-45 ) -1.7 -1.5 -1.4
Westward (225°-315°) -0.8 -1.4 -1.9
By Intensity

Hurricane -1.0 -1,0 -1.3
Tropical Storm -1.,0 -1.0 -1.4
By Size and Intensity

Small Tropical Storm -1.3 -1.2 -1.2
Large Tropical Storm -2.1 -1.7 -1.4
Small Hurricane -1.5 -1.3 -1.2
Large Hurricane North -2.1 -1.5 -0.8
Large Hurricane South -1.0 -1.1 -1.7
Mean -1.3 -1.2 -1.3
Scatter 0.5 0.4 0.4
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TABLE 14

Same as Table 15 except for tropical cyclones in the Australian-south
Pacific region,

STRATIFICATION 700 mb 600 mb 500 mb

By Direction

Eastward (4o°—150°3 -3.1 0.9 2.0
Westward (210°-320°) -0.1 -0.2 -1.5

By Intensity and Region

Hurricane -1.6 -0.9 -0.2

Coral Sea Hurricane -2.6 -1.3 0.8

Coral Sea Tropical Storm -2.1 -1.6 -0.6

West Australian Hurricane -0.2 -2.0 -2.1

Mean -1.6 -1.2 -0.3

Scatter 1.2 0.6 1.5
TABLE 15

Average 50—70 V.. for all data sets in each ocean basin and the
cgfresponding scatter at 700, 600 and 500 mb (in parentheses), Unit: m
s .

Ocean Basin 700 mb 600 mb 500 _mb
Northwest Pacific -1.5 -0.9 -0.5
(0.5) (0.8) (1.2)
West Atlantic -1.3 -1.2 -1.3
(0.5) (0.4) (0.4)
Australian— -1.6 -1.2 0.3

south Pacific Region {1.2) (0.6) (1.5)
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might conclude from this table that cyclones in both hemispheres
generally move faster than the mid-tropospheric winds at 5-7° by an
average of ~ 1 m s_l. Both 700 and 600 mb appear to be better levels
than 500 mb.

2.4.3 Layer-averages

To calculate the pressure—weighted averages of V

Pi’ Eg. (2b) was

used with V in the integrand of the numerator instead of V

PM P,

Similar pressure-weighted averages were calculated: surface to 100 mb,
surface to 300 mb, surface to 500 mb and 700 to 560 mb,

Northwest Pacific. Table 16 shows the pressure-weighted layer
averages of VéM for all northwest Pacific cyclones, As with the
layer~averaged directional deviations, not much variation exists among
the different averages. This is also evident from the mean for all the
date sets, Slight variations within each category are also apparent.
Cyclones south of 20°N move faster than the layer—averaged flow by a
larger amount than those north of 20°N. The values of the integrated
?PM for eastward-moving cyclomes are usually the least negative among
the direction data sets, Very intense cyclones tend to move faster than
the mean wind by the largest amount within the intensity category. For
the same intensity change, north cyclones have VPM values less than
those of south cyclones. This is consistent with the results for
cyclones in the latitude category.

The results in Table 16 seem to suggest that a relatively shallow
layer would be nearly as representative of cyclone speed as a deep layer
average, This is of course a reflection of the relatively small speed

shear of the environmental wind.
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TABLE 16

Layer—averaged 5%-7° V. for different combination of levels for
northwest Pacific tropical cyclones, See_fext for a description of how
the averages were calculated., Unit: m s .

100mb 300mb S00mb 500mb
Stratification /;urface /;urface _/;urface f?OOmb
By Latitude0 -
North of ZOON -0.6 -1.0 -1.7 -0.6
South of 20N -1.3 -1.6 -1.7 -1.5
By Speed 1
Moderate (4_7—T s ) -1.1 -1.1 -1.3 -0.9
Fast (> Tms ™) -0.1 -1.3 -3.0 -0.6

By Direction o
Westward (250°-310°) - -2.3 -2.4 -

2.2 2.4
Northward (310°-350°) -1.5 -1.0 -0.8 0.9
Eastward (350%-60°) 0.2 -0.5 -1.8 0.2

By Intensity

Weak (1000-980 mb)} 0.8 -1.1 -1.6 -0.9
Intense (950-980 mb) -0.7 -1.1 -1.6 -0.6
Very Intense (<{ 950 mb) -1.4 -1.7 -1.9 ~-2.0
By Intensity Change

Deepening North of 20°N -1.0 -1.1 -1.1 -1.1
Deepening South of 20°N -1.5 -1.7 1.7 -1.5
Filling North of 20°N 0.2 -0.7 -1.,9 -0.1
Filling South of 20°N -1.9 -2.3 -2.5 -2.4
By Size and Intensity

Small Tropical Storm -1.3 -1.2 -1.5 -1.1
Medium Tropical Storm -0.2 0.7 -1.4 ~0.6
Large Tropical Storm -1.7 -1.9 -2.3 -1.9
Small Typhoon -1.2 -1.0 -1.0 ~0.8
Medium Typhoon -0.1 0.4 -1.0 -0.3
Large Typhoon 0.7 -1.0 -1.7 =1.,0
Mean ~-0.9 -1.2 -1.7 -1.0

Scatter 0.7 0.5 0.6 0.7
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West Atlantic, The layer—averaged 5-7° VPM values for west
Atlantic tropical cyclomes are shown in Table 17. The variation among
different averages is also small for most data sets. The scatter among
data sets is about the same for all four layer—averages.

Australian—south Pacific region, Table 18 shows the level— and
layer—saveraged ﬁfu 5-7° for tropical cyclomnes in this region. As
mentioned before, the vertical speed shear in this region is relatively
large (see Fig. 15). Therefore, a large variation among different
layer—averages exists for a given data set, as seen in Table 18. Both
the surface to 500 mb and the 700 mb to 500 mb layer—averages are
extremely consistent. The deep layer averages have a larger spread.
This is different than the layer—average directional deviations
discussed in section 2.3.3 in which the mean tropospheric flow best
describes the directional movement of a cyclome in this region. It
appears from Fig. 15 that the speed shear is too variable among data

sets to give & consistent v when integrated over a deep layer,

PM
However, if the integration is through a shallower layer, the effect of
the shear would be less,

Summary. Layer—averaged VPM for all data sets in each of the
three ocean basins is shown in Table 19. It can be seen that in the
three ocean basins, cyclones, on the average, move faster than the mean
5—70 level— or layer—averaged winds., The most consistent layer—average
appears to be the surface to 300 mb average. The mid—tropospheric
average is also about the same between the three oceans, Therefore, it

seems that the best layer—average depends very much on the vertical wind

shear profile in the environment,
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TABLE 17

Same as Table 16 except for west Atlantic tropical cyclones.
100 mb 300mb j‘SOOmb 500mb
Stratification ,/.surface ,/;urface surface f‘?OOmb

By Latitude

Region I {(South) -1.3 -0.9 0.7 -0.7
Region II (North) -1.4 -1.3 -1.3 -1.3
By Speed -1

Slow (1-3 m s_l) ~-0.5 -0.5 -0.6 -0.6
Fast (> 3 ms ™) -1.7 -1.8 -2.2 -1.7
By Direction o o

Northward (BIg -457) ~1.4 -1.6 -2.0 -1.5
Westward (225°-315°) -2.2 -1.4 -0.7 -1.3
By Intensity

Hurricane 1.3 -1.2 -1.1 -1.1
Tropical Storm ~1.6 -1.3 -1.1 -1.1
By Size and Intensity

Small Tropical Storm -1.4 -1.3 -1.4 -1.2
Large Tropical Storm -1.4 -1.8 -2.3 1.7
Smal)l Hurricane -1.3 -1.3 -1.5 -1i.4
Large Hurricane North -0.6 ~1.3 -2.2 -1.5
Large Hurricane South -1,7 —1.5 -1.2 -1.3
Mean —1-4 -1 .3 —1 .4 —1.3

Scatter 0.4 0.4 0.6 0.3
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TABLE 18

Same as Table 16 except for tropical cyclonmes in the Australian~south
Pacific region,

floomb f300mb fSOOmb fSOOmb
Stratification surface surface surface T00mb

By Direction

Eastward (40°-150°) 0.2 -0.8 -2.5 -0.5
Westward (210°-320°) -2.2 -1.9 -1.5 -0.6
By Intensity and Region

Hurricane 0.7 -1.3 2.1 0.8
Coral Sea Hurricane -0.8 -1.5 -2.4 -0.9
Coral Sea Tropical Storm ~2.4 2.1 -2.4 -1.4
West Australian Hurricane -0.1 -1.0 -1.7 -1.5
Mean -1.0 -1.4 ~2.1 -1.0
Scatter 1.1 0.5 0.4 0.4

TABLE 19

Same as Table 15 except for layer—averaged V}M

j-IOOmb f300mb fSOOmb fSOOmb
Ocean Basin surface surface surface T700mb
Northwest Pacific -0.9 -1.2 -1.7 -1.0

(0.7 (0.5) {0.6) (0.7)
West Atlantic -1.4 -1.3 -1.4 ~1.3

{0.4) (0.4) {0.6) (0.3)
Australian— -1.0 ~1.4 -2.1 -1.0

south Pacific Region {1.1) {(0.5) (0.4) (0.4)
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2.5. Summary

The main findings of this study arve:

a) the large—scale circulation is very well related to the
movement of tropical cyclones;

b) wind data at the mid-troposphere (700, 600 and 500 mb)
correlates best with both the direction and speed of cyclone
movement ;

c) on the average, tropical cyclones in the Northern Hemisphere
moves ~ 10°-20° to the left of the surrounding mid-tropospheric
winds at ~ 6° latitude radius from the cyclone center; an
approximate opposite directional deviation occurs for cyclomes
in the Souwthern Hemisphere;

d) on the average, tropical cyclones move faster by ~1 m s—1 than
the surrounding mid-tropospheric winds at ~ 6° radius from the
cyclone center;

e) cyclones having different zonal components of motion have
different relationships with their 5-7° sorrounding flow; and

f) deep tropospheric flow appears to be a good descriptor of
cyclone movement; for cyclomes in a relatively weak shear
environment a shallow layer—average flow is equally suitable.

Some of these same conclusions were also made by George and Gray (1976),
Gray (1977) and Brand et al. (1981). Bell and Lam (1980) found that
northwest Pacific tropical cyclomes move, on the average, 0.9 m s._1 more
northward and 3.4 m s“1 more westward compared to the geostrophic
steering flow, This means that cyclones having a westward component of
motion, which is normally the case, move faster than and to the left of

the geostrophic flow, in qualitative agreement with the present study.



57

From a forecasting point of view, these results imply that if one
makes a forecast from a scheme based on steering flow, he would tend to
predict the cyclone to move to the right of the actual track and slower
than observed. This in fact was found to be the case by Kasahara (1957)
using a barotropic non—divergent model. Since then, other numerical
forecasts of tropical cyclone movement based primarily on steering flow
also produced a systematic rightward deflection of the predicted
trajectory relative to the actual path and a predicted speed slower than
the observed speed. See for example, Kasahara (1959, 1960), Birchfield
(1960), Jones (1961, 1977a, 1977b), Sanders and Burpee (1968), Sanders
et al. (1975), Anthes and Hoke (1975), Harrison (1981), etc. Such
systematic direction and speed biases have also been discussed by
Neumann and Pelissier (1981) in the analyses of operational track
forecast errors, These apparent discrepancies between theory and
obsexrvation will be discussed further in later chapters.

This chapter has only dealt with the relationship between the
belt-averaged flow and cyclone movement. For a discussion of how
tropical cyclone motion is related to winds at individual octants around
the cyclone, the reader is referred to the report by Chan and Gray

(1982a).



CHAPTER 3 - REVIEW OF PREVIOUS THEORETICAL AND NUMERICAL STUDIES

OF TROPICAL CYCLONE MOVEMENT

3.1 Introduction

This chapter reviews previous theoretical and numerical studies of
tropical cyclone movement., This should provide the reader with an idesa
of what has so far been accomplished in terms of the understanding of
the basic physical processes of tropical cyclome motion. Since most of
these studies are highly mathematical, only the final results will be
presented. Discussions will center on how realistic and significant
these past studies have been,
3.2, The Beta Effect

One of the earliest theoretical studies on the movement of
atmospheric vortices was made by Rossby (1948). He tried to relate
vortex motion with the latitudinal variation of the Coriolis parameter
across the cyclone. According to Rossby, the Corioclis force acting on
an air parcel on the poleward side of a vortex is greater than that
acting on a corresponding parcel on the equatorward side of the vortex.
The difference between these two forces depends on the variation of the
Coriolis parameter with latitude across the cyclone. Integrating this
difference for all parcels in the vortex, the met result would be a
force acting on the vortex in the north-south direction., Assuming a
symmetric vortex, Rossby calculated this force F (per unit height) to be

given by:
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F o= 2purt, (3)
where p = density of air
@ = mean angular velocity within the vortex
R = radial outer boundary of the vortex, beyond which the air does
not participate in the vortex motion and
p = the variation of Coriolis parameter f with latitude, givem by

f = £ + By,
where fo = value of f at the latitude of the vortex center and y the
meridional distance from the c¢center of the vortex. If no extra pressure
gradient is present in the enviroament to balance this force F, then for
; > 0 (cyclonic vortex), a poleward acceleration should result.
Equation 3 also suggests that such an acceleration should be greater for
larger (with the size defined by R) and/or stronger (related to ©)
vortices., This poleward acceleration has been known as the Rossby
effect,

Kasahara (1957) studied the interaction between a vortex and its
surrounding flow within the framework of a mon-divergent barotroic
model, He found that for a uniform flow, the analytic solution shows a
westward drift due to the variation of the Coriolis parameter. His
model will be discussed in greater detail in section 3.4.1. Adem and
Lezama (1960) solved the non—divergent barotropic vorticity equation for
an axisymmetric vortex and found that the variation of the Coriolis
parameter results in a northwestward movement of the vortex, By
changing the differential friction superimposed on a vortex, Rao (1970)
was able to change the magnitude of this northwestward motion. Mathur

(1974), Anthes and Hoke (1975), Madala and Piascsck (1975), Jones



60

(1977a), Kitade (1980) and Nitta (1980) studied asymmetric vortices on a
P-plane and obtsined a northward drift., They all attributed this to the
Rossby effect.

The question is: why do some models produce only a northward
movement while others give a northwestward motion? It seems obvious
that the northward drift, which is present in all models, can be easily
explained by the Rossby effect. However, ome very important
consideration was not made in Rossby's study., This is the pressure-
gradient force. If the vortex is in a balanced state, then on the
poleward side, the pressure—gradient force will be stronger than that on
the equatorward side, thus balancing the 'excess’ force that Rossby
hypothesized. If this is the case, them this northward acceleration
should not be present. However, some of the numerical models use as the
initial condition a balanced vortex (for example, Kitade, 1981) and
still obtain a poleward acceleration. Therefore, some other explanation
must be given to this modeling result,

This apparent discrepancy can be explained using the concept of
conservation of absolute vorticity. Consider a cyclone in the Northern
Hemisphere. On the west side of the cyclome, air is moving southward,
thus redecing its earth vorticity. To comserve absolute vorticity, it
must increase its relative vorticity, resulting in the development of a
cyclonic flow west of the cyclone center. Similarly, on the east side
of the cyclomne, air would have to reduce its relative vorticity by
setting up an anticyclone. This is similar to the Rossby Wave effect
(Rossby, 1939), The cyclonic {anticyclonic) flow to the west (east) of
the cyclone therefore sets up a net southerly flow which then advects

the vortex vorticity northward. This would then cause the cyclone to
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move northward. Anthes and Hoke (1975) were the first to propose such
an explanation. Holland (1982) also explained the northward drift with
similar arguments. The increase in relative vorticity to the west side
of the cyclome would also produce a westward movement of the cyclone,
The net result is therefore a northwestward motion. Thus, the northward
drift of a cyclone produced in numerical models is not a result of the
effect proposed by Rossby (1948) but rather the response of the model
atmosphere to the westward (eastward) increase (decrease) of relative
vorticity,

Bell (1980) found from an observetional study of more than 2000
tropical cyclones in the northwest Pacific that cyclone size {although
not defined in the paper) and poleward acceleration are significantly
correlated in the semse indicated by the Rossby effect, Poleward
displacement is also found to correlate with cyclome intensity. Bell
pointed out that although the statistical significance of these
correlations is very high, the correlation coefficients are small, This
is possible due to the large sample size. From these results, Bell
concluded that this is probably a secondary effect.

3.3 Trochoidsal Motion

The positions of tropical cyclones are often found to oscillate
about 2 mean path, A good example was hurricane Carla in 1961 (see, for
example, Fig, 9-1 in WMO, 1979). This type of oscillation often takes
the form of a trochoid with a period of ~ 6h, The present paper,
however, concerns mainly with tropical cyclone motion of a longer time
scale (~ 12-24h), Therefore, only a brief review of some of the

theoretical results will be presented here. For more detailed
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descriptions of these studies, the reader is referred to the original
papers,

Yeh (1950) was the first ome to analyze such a problem, He studied
2 Rankine vortex embedded in a homogeneous, incompressible basic c¢urrent
of uniform speed on a f-plane, TUnder these conditions, he found that
the centroid of the vortex moves in a trochoidal path with a period that
depends on the intensity and size of the vortex, Kuo (1969) performed a
theoretical study on vortex movement in which frictional drag and a
shearing current were included. He also found an oscillatory motion of
the vortex about its mean path. Recent numerical experiments, for
example, Jones (1977b), Kitade (1980, 1981) and Nitta (1980), on either
a f-plane or a p-plane, also obtained a trochoidal motion of the model
vortex,

Earlier models (Yeh, 1950; EKuo, 1969) assumed the vortex to be a
solid rotating cylinder, The oscilletory motion obtained was thus
attributed to the Magnus effect. However, more recent models did not
have such an assumption., It would seem that such oscillations may not
be due to the Magnus effect., In fact, Kitade (1981) showed that his
model results do not agree with those predicted by Yeh's theory. Kitade
(1981) used a simple divergent barotropic model to solve numerically for
the movement of the vortex on a beta—plane. The only physics in this
model is the adjustment between the wind and pressure fields as governed
by the momentum equations. A possible explanation of the oscillatory
motion in this model is that because of the changes in vorticity created
by both advection and stretching processes, the vortex is constantly
distorted. The pressure field therefore has to adjust to these changes

and a non—~linear process sets in. A similar argument has also been
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advanced by Holland (1982). Whether this is the actual physical
mechanism that causes the oscillatory motion still needs to be further
documented with both theory and observations. A study of this type of
short—term motion is beyond the scope of this paper which is to consider
¢yclone motion on a2 longer time scale.

3.4 Interaction Between a Cyclome and its Surrounding Flow

3.4.1 Barotropic Model

Kuo (1950) studied the motion of atmospheric vortices in a non—
divergent, barotropic model with pure horizontal motion. He found the
presence of a force which drives cyclonic vortices towards regions with
higher absolute vorticity. This may be explained in terms of the
process of geostrophic adjustment. Because of the ncn—uniform
distribution of absolute vorticity, the kinmetic energy associated with
the flow is also not uniform, The flow therefore readjusts by
converting part of the "excess” kinetic energy to potential energy.
The final result is the formation of a cyclonic vortex which "traps”
the potential energy.

If divergence is included, an extra force exists that tends to
drive westward-moving cyclones towards the south and eastward-moving
cyclones towards the north. Kuo found, however, that this force is
about one order of magnitude smaller than that caused by the gradient of
vorticity.

Kasahara (1957) studied the interaction between a cyclone and its
surrounding flow in & different way., A barotropic and non-divergent
model was used. The total streamfunction was separated into two parts,
that of the vortex and that of the enviromment (which is equal to the

total streamfunction minus the vortex streamfunction). Under these
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conditions, the instantaneous velocity C of the center of a symmetric

vortex is found to be

¢ = §O+x(u;xv§{o), (4)
where

Vo = velocity of the steering (envirommental) current at the
center

K = cheracteristic constant prescribed by the pattern of the
streamfunction of the vortex {usually > 0)

k = unit vector in the vertical

Ho = absolute vorticity of the steering curremt at the center

center of a c¢yclone,

The second term in Eq. 4 arises from the interaction between the vortex
field and the steering current, If the steering current is uniform or
of constant meridiomal shear, then |E7;; I = B, where B = variation
of the Coriclis parameter with latitude. In this case, the interaction
term will produce a westward movement. This is the Rossby wave type
effect discussed in section 3.2, If one traces back to the development
of Eq. 4, one finds that this term can be interpreted as the advection
of earth's vorticity by the vortex flow.

Because of this westward movement, a vortex under the influence of
a wniform easterly (westerly) flow will move faster (slower) than the
flow, In addition, since the vector kfvrﬁo always points towards the
west, the velocity vector C in Eq. 4 will not necessarily be parallel to
the steering flow vector ‘@o. For a flow with a southerly (mortherly)
component, the vector € should be to the left (right) of the vector

ﬁo' This interpretation qualitatively agrees with the observational
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results of Chapter 2, A more thorough discussion will be given in
Chapter 4.

Kasahara applied this model in the prediction of the movement of
two hurricanes using the rawinsonde datz (at 500 mb) around them, The
vortex streamfunction was defined as the azimuthal average of the total
streamfunction. The environmental streamfunction is then the difference
between the total streamfunction and the vortex streamfunction., The
forecast tracks obtained in this way were always to the right of the
observed track, Kasahara did not explore further the reason for such a
discrepancy. However, he did point to the semsitivity of the track to
the constant K in Eq. 4,

Hobert (1959) performed a number of 500 mb barotropic predictions
with a steering flow model under operational conditions. He found the
same rightward bias and interpreted this as a tendency for hurricanes to
move to the left of the geostrophic wind at that level., This
interpretation qualitatively agrees with the observational results in
Chapter 2. The causes for such an apparent leftward deflection will be
discussed later,

3.4.2 Two—level Baroclinic Model

In order to simulate the three—-dimensional nature of actual cyclone
motion, Kasahara (1960) extended the barotropic model described above to
a two—level baroclinic model., The basic methodology was still the same:
at each level, separate the vortex and the 'steering flow'
streamfunctions and predict their individuval evolution with time. The
coupling between the two levels is through the thermodynamic equation

with no diabatic heating and constant static stability.
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The instantaneous velocity C, at level i (i=1,2) for a symmetric

vortex is then given by

¢c. = V. +K (lkarT.)—‘L.
i oi i o 2, 5
where @& = coupling term between the two levels which is & function

of the static stability, the wind shear between the two
levels and the relative vorticity of the steering flow at
both levels,

¥1 = streamfunction of the vortex at level i,

and Voi. Ki’ n

oi have the same meaning as before, Compared with Eq.

4, it can be seen that the first two terms on the RHS are the same in
both cases, However, an additional term exists in Eq. 5 which
represents the coupling between the vortex and the steering current at
both levels. Kasahara found that for a vortex of the size of a tropical
cyclone, this effect acts upon the movement of the upper and lower
vortices in such a way as to let the common axis of their horizontal
circulations remain vertical during the movement, in agreement with
common observations, He also claimed that the effects of this and the
vorticity gradient ( k xv;;oi) terms are insignificant for time scales
of less than 1 day. From the information given by Kasshara, it is not
possible to see if such claims are justified, at least for the coupling
term. However, it appears that from what was discussed in the last
sub—section, the vorticity gradient term should be important in
determining cyclone direction and speed. Nevertheless, Kasahara made
all his forecasts by assuming that the instantaneous velocity of a
tropical cyclone is the vector mean of the steering velocities at the

two levels evaluated at the center of the cyclone.
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The predicted movements of the hurricanes from Kasahara's two—level
model again displayed a tendency to deflect to the right of the actual
paths, After examining the observed tracks in relation to the steering
flow, Kasahara came to the same conclusion as Hubert (1959) that "it is
more appropriate to say that the actual path deflected leftward relative
to the mean steering flow”. This is exactly what was discussed
earlier., Had Kasahara included the vorticity—gradient term, he might
have had better results.

3.4.3 Using the Concept of Potential Vorticity
3.4.3,1 Frictionless Flow

To investigate the interaction between the vortex ard the
environment further, Kasahara and Platzman (1963) analyzed the
potential-vorticity equation in a homogeneous and incompressible
atmosphere with the following assumptions:

a) quasi-hydrostatic (vertical acceleration neglected),

b) quasi-horizontal (horizontal velocity components independent of

z, vertical velocity component a linear function of z where z
is the vertical coordinate),

¢) quasi-geostrophic (Rossby number Ro < 1),

d) Froude number ~ Ro (Froude number =U/(gH)1/2. where U is the

velocity scale and H the mean depth of the fluid) and

e) L/RE ~ R0 (where R, = radius of earth and L the length scale).

E
The most severe problem here is the assumption of quasi—geostrophy. The
authors did not eddress the issue in depth but claimed that this could
be resolved partly by the use of the gradient (instead of geostrophic)
wind and partly by breaking up the flow into that of the vortex and of

the steering flow.
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With these assumptions and partitioning the potential vorticity
into those of the vortex and the enviromment, the authors solved a
simplified form of the potential vorticity equation and obtained the

instantaneous velocity € of an axisymmetric vortex as:
¢ = T +olbx@Wo)l+c al T (M+ D1 +0067h , (&

where ﬁo, zand ' are the velocity, relative vorticity and relative
potential vorticity of the steering flow respectively, f the Coriolis
parameter, ¢ and v are parameters that depend on the potential vorticity
of the vortex, and b = Ls/Lv’ with Ls, Lv being the characteristic
length scales of the steering flow and the vortex respectively. The
subscript o indicates evaluation at the center of the vortex. The last
term on the RHS means that it is of the order of b_4.

The third term on the RHS in Eq. 6 is analogous to the second term
on the RHS in Eq. 4 because for a non-divergent atmosphere, [ = ¢ so
that [+ £ = ¢+ f = Nn. The second term on the RHS of Eq. 6 does not
appear in Eqg. 4. Tracing back to the development of Eq. 6, it was found
that this term represents the advection of the vortex vorticity by the
steering flow while the term = { kx [\ ({"+ £) 1,} came from the
advection of absolute potential vorticity of the steering flow by the
vortex,

To understand the difference between this model and the one with
zero divergence, consider again the case of a uniform flow. Then, GTﬁ)o
is zero and the oanly interaction term is t{:kxﬁﬂzrif)lo}. In a non-
divergent atmosphere, \J/[ = 0 and the term &xﬁﬂf)o wilil produce a

westward movement as discussed in section 3.4.1. For a divergent model,

Eﬂ’(negative of the gradient of the steering flow potential vorticity)



69

is & non-zero vector that points to the right of the flow direction
{facing downstream), Therefore, kiﬁﬂ,will be in the direction of the
steering flow. This contributes to an increase of the cyclome speed
l¢|. This means that a cyclone embedded in an easterly flow will move
even faster than the flow compared with the non-divergent case. For a
cyclone in a westerly current, the term vrmay overcompensate the
westward drift produced by the B—effect so that the cyclone would still
move faster than the flow. In the non-divergent model, this cannot
happen since‘ﬂ’= 0.

Kasahara and Platzman did not consider this aspect of their model.
Instead, they analyzed the acceleration of the vortex for the case of a

uniform flow. This is given by

- sV(+ 0 7
where G is a function of ¢, T and A(=f0/(gH)1/2). The sign of G is
negative for cyclomnic vortices. Therefore, the acceleration is
proportional to the gradient of the absolute potential vorticity of the
steering flow. This is similar to the results obtained by Kuo (1950).
Since G is negative and Vﬂ’points to the right of the flow, the term GV/[
gives a leftward acceleration of the vortex. The part \/f gives the p-—
effect deflection discussed in section 3.4.1, Such a result should
cause the cyclone to move more to the left of its steering current and
should therefore produce forecast tracks that are closer to the observed
ones, Indeed, the authors demonstrated that in the case of Hurricane
Betsy, the rightward bias obtained in a non-divergent model was almost

completely eliminated.
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Therefore, it appears that the assumption of non-divergence might
not be appropriate in the prediction of ¢yclone tracks., However, how
the divergence contributes physically to cyclone motion is still umclear
at this point. More discussion of the possible physical processes
involved will be given in the next chapter,
3.4.3.2 Effect of Friction

To investigate the effect of land on the movement of a cyclome, Rao
(1969) solved a simplified potential-vorticity model by imposing a
stronger frictional drag on the left hand side of the cyclone than the
right hand side, thus creating an asymmetry in the wind field, The
result is a leftward deflection of the vortex relative to the
frictionless case. The differential friction alone should cause more
frictional convergence on the left hand side than the right hand side
and thus more ascending motion, However, the numerical integration (for
a hypothetical vortex) shows that ascending motion is stromger on the
right hand side.

Rao suggested that the reason for the stronger ascending motion om
the right hend side is a result of a stronger wind on this side, despite
a weaker frictional stress, He therefore concluded that the
differential frictional drag across the c¢yclone is of secondary
importance., The leftward deflection is primarily a result of the
asymmetry in the wind field, Indeed, he obtained a leftward deflection
in a real situvation where asymmetry was present, with the total wind
stronger on the right hand side. His explanation for this deflection
was that "the stronger ascending motion to the right causes a faster

reduction of vorticity (above the boundary layer) that eventumally
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results in a leftward deflection”, The contribution of asymmetric wind
fields to vortex motion will be discussed more thoroughly in Chapter 5.
3.5 Discussion

The theoretical studies discussed in this chapter point to two very
important factfors that influence the movement of a tropical cyclome.
These are (1) the variation of the Coriolis parameter with latitude
across the cyclone and (2) the interaction between the cyclome and
environmental circulations., Table 20 gives a summary of the major
findings from these theoretical and numerical studies of tropical
¢yclone movement.

The effect of the variation of Coriolis parameter across a cyclone
appears to cause the cyclone to drift in a northwestward {in the
Northern Hemisphere) direction. This is primarily a result of the
advection of the earth’s vorticity by the vortex tangential wind, Such
an advection increases the relative vorticity to the west of the
cyclone., An indmced circulation is then set up which tends to advect
the vortex vorticity poleward. As a resunlt, the vortex will tend to
move both poleward and westward. This B-effect is always present, A
more detailed analysis of the importance of this effect and the coupling
between the earth’s vorticity and the divergence of the vortex and/or
environmental flows will be presented in the next chapter.

The mechanism by which the envirommental flow affects cyclone
motion is apparently through the advection of vortex vorticity. How
this interactiom occurs is still mnot clear at this point,

Most motion studies to date have concentrated on very simple flow

fields. Vhat if the surrounding flow is not uniform or changes with
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TABLE 20

Summary of the major findings of previous theoretical and numerical

studies of tropical cyclore movement,

Authox(s)
Rossby (1948)

Kuo (1950)

Yeh (1950)
Kasahara (1957)

Hubert (1959)
Adem and
Lezama (1960)
Easahara {1960)

Fasahara and
Platzman (1963)

Rao (1969)

Kuo (1969)

Rao (1970)

Model

Axisymmetric
vortex

Barotropic

Rankine vortex

Non—-divergent
barotropic

Non—-divergent
barotropic

Non-divergent
barotropic

Two-level
baroclinic

Divergent
barotropic

Barotropic
with frictiomal
drag

Barotropic
with frictional
drag

Barotropic
with frictionsl
drag

Majoxr Finding(s)

Poleward acceleration of
vortex due to variation of
Coriolis parameter across cyclone

Presence of a force that

drives cyclonic vortices towards
regions with higher absolute
vorticity

Trochoidal motion of vortex

(1) Westward movement of
vortex under a uniform flow
(2) Forecast tracks to the
right of observed tracks

Yortex moves to the left
of geostrophic wind

Northwestward movement of
vortex due to variation of
Coriolis parameter across the
vortex

Forecast track to the right
of observed tracks

Presence of force which
drives the vortex in the
direction of increasing
absolute potential vorticity.
This direction is to the left
of the steering flow if

the flow is uniform

Leftward deflection of
vortex from environmentsal
flow.

Trochoidal motion of
vortex

Change in magaitude of
northwestward motion

of vortex due to variation

of Coriolis parameter across

the vortex and frictional effects
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TABLE 20 (cont’d)

Author(s Model
Mathur (1974), Primitive
Anthes and equation
Hoke (1975), 3-dimensional
Madala and

Piacsck (1975),
Jones (1977a},
and Kitade (1980)

Kitade (1981) Barotropic
Heolland (1982) Divergent
barotropic

Major Finding(s)

Northward drift of cyclone

Northward drift of cyclone

(1)Northwestward movement of
vortex due to variation of the
Coriolis parameter across the
vortex

(2) Difference between vortex
speed and environmental

flow speed due to

variation of the Coriolis
parameter across the vortex

time? What is physically happening under these circumstances? To

answer these questions, ome can study the behavior of vortices under

different envirommental coaditions usimng a theoretical or numerical

model. Or, one can amalyze observations around tropical cyclomes which

underwent different behavioral changes.

Both these approaches are

employed in this paper. In the next chapter, a simple theoretical study

of cyclone motiom will be presented.



CHAPTER 4 - ANALYTICAL STUDY OF TROPICAL CYCLONE MOTION

USING THE VORTICITY EQUATION

4.1 Introduction

The results in Chapter 2 demonstrate the significance of the
environmental flow in describing tropical cyclone motion. Previous
theoretical and numerical studies described in Chapter 3 also point to
the importance of this flow in determining the direction and speed of a
cyclone, Moreover, models which permit interactions between the
environmental flow and that of the vortex appear to predict cyclone
tracks with higher accuracy (for example, Kasahara and Platzman, 1963).
Models developed on a B—plane also suggest the relevance of the earth’s
rotation in c¢yclone motion. The basic question, however, still remains:
what are the physical processes that are actually occurring during the
movement of a cyclone?

This chapter will attempt to answer part of this question. A
simplified form of the vorticity equation is solved analytically for
different types of envirommental flow. The contribution of each term in
the vorticity equation to the local change in relative vorticity is
identified, The results imply certain physical mechanisms responsible
for cyclone motion. The rationale behind this is that a local change in
relative vorticity will cause the cyclone to adjust its mass field and
'propagate’ towards the area of maximum increase in relative vorticity.
This rationale will be justified in Chapter 7 with observationms.

Although some of the assumptions may not be strictly valid, these
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results do provide some physical explanations of the observed
relationships (presented in Chapter 2) between the motion of tropical
cyclones and its surrounding flow.
4.2 The Model

The vorticity equation im cylindrical, isobaric coordinates can be

written as

9% _ _w. - W . 9% du 3w _ v du
¥ Ve \V(T+E) = (g+f) \/ W "’ap*‘ap 36 ~ ap ag) T Z (8

where
r = relative vorticity
f = Coriolis parameter
¥V = horizontal wind vector
u = radial wind
v = tangential wind
w = vertical p-velocity and
Z = frictional effects.

Outside about 100-200 km from the center of a cyclone, the vertical p-
velocity is relatively small and the third and fourth terms on the right
hand side of Eq. 8 car usually be neglected. Such an assumption may be
justified by performing a simple scale analysis of the first four terms
on the right hand side of Eq. 8. Using the composite data from Frank
(1977) for typhoons, the magnitude of these terms in the mid~troposphere

at ~ 2-4° latitude radius from the cyclone are:
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-5 -1
W \J(L+f) ~ 10ms L _lﬂ__g.g_ ~ 5 5 1071052
2 x 10°m
(C+f£) V ¥V~ 5x 10—55_1 . 10-55-1 ~ 5 x 10_105"2
9% ~Spp o1, Sx10%s71 11 _-2
] ~ 200 x 10 "mb s - ~ 5 x 10 s
ap 200 mb
9v 8w . 2ms T . 100x10°mb s”* 11 -2
ap ar 200 mb 5 ~5x10 s,
P 2x10"m

It can be seen clearly that the vertical advection term is mnegligible
compared with the advection and stretching terms. The other component
of the tilting term cannot be evalnated from Frank’s (1977) date because
the azimuthal variation of the vertical motion field was not presented.
However, the term (dv/dp) (dw/dr) is of secondary importance compared
with the horizontal terms. In fact, as will be seen in Chapter 6, the
tilting term has only a magnitude comparable tc the vertical advection
term. The data presented in Chapter 6 will also justify the assumption
of neglecting the vertical advection and tilting terms.

Lee (1982) showed that frictionless effects in the mid-troposphere
due to convection are relatively small compared with those in the lower
and upper troposphere, Therefore, to a first approximation, the
frictional effects Z in Eq. 8 can be neglected. This approximation will
become more evident in Chapter 6 where comparisons are made between
9%/3t and the sum of the first four terms on the right hand side of Eq,

8. With these two assumptions, Eq. 8 can then be written as
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9 _ _ 05 _ 9% _ w _ o 0f _ _ 8f _ 3 (9)
at Bar Vree  CVV-u - v e~ £VV.
M Sl " i, A gl e - v 4
il

This will be the basic eguation used in the present study. Terms A and
B represent the horizontal advection of relative vorticity by the radial
and tangential wind respectively. Term C is the coupling between
divergence and relative vorticity. Terms D and E represent the
horizontal advection of the earth's vorticity by the radial and
tangential wind respectively, Term F is the coupling between divergence
and the earth's vorticity.

In order to solve the equation analytically, the u and v fields
cannot be too complicated, Therefore, following Holland (1982), =
Rankine—combined vortex with a radial wind having the same radial

dependence as the tangential wind is assumed, that is,

- -x
u = avr {10a)

and

v = vor—x , (10b)

where a and Vo are constants, r the distance from the center of the

cyclone and x determines the structure of the vortex, such that

0 <(x £ 0.8.

The quantity a is actually the tangent of the inflow angle (¢), that is,

tang = E = =&,

v

Note that Eq. 10a and 10b apply only outside the radius of maximum wind,
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which is indirectly implied in the present case when the terms involving
w are dropped. Eguations 10a and 10b also imply that the vortex is
symmetric. This is approximately valid in the mid-troposphere within

~ 400 km from the cyclonme center {see, for example, the data in Shea and
Gray (1973) and Frank (1977)).

In order to study the movement of the vortex relative to the
environmental flow, the coordinate system used is such that the Y—axis
is along the direction of the basic envirommental flow V. A cross flow
U can be superimposed on the basic flow in a direction {(X) perpendicular
to the Y-direction. This X-Y coordinate system is shown in Fig. 16. In
the present study, omnly in one case is U non—zero (section 4.6),
Resolving the U and V flows at any point A into radial (u') and

tangential (v') components,
u' = Vcos® - T sin® (11=a)
and
v/ = -V sin® - U cos® . (11b)
Combining BEq. 10a and Eq. 1la, and Eq. 10b and Eq. 11b give the total
wind components
B = nvor—x + Vcos® — U sind (12a)
and

v = VT T — V sin@ - U cos@ . (12b)
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AY’

Fig. 16. Schematic diagram showing the superposition of a basic

environmental flow V in the Y-directiom. A cross flow U can
be superimposed along the X—-direction.

These will be the wind components used in this study. Note that both U
and V can be functions of r and O.

As mentiomed in Chapter 3, the effect of the earth’s rotation is
very important in tropical cyclone motion. Therefore, a p-—effect is

included in the model by writing

f = fo + B &

where fo Coriolis parameter at the latitude of the cyclone center

and

o
L]

meridional distance from the cyclome center. From Fig.

17’

& = r cos (¢ + O)
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Fig. 17. Schematic showing how the P-effect is included in the model.
The X-Y coordinate system is depicted in Fig, 16,

Therefore,

f = £ +Brcos (a+8) (13)

where a = angle between the Y-axis in Fig. 17 and north, positive if the
Y-axis is counterclockwise from north,
In order to solve for 9%/at in Eq., 9, the relative vorticity and

divergence have to be calculated, Now,

r = @frv _ du
rdr ro@ *

Substituting from Eq. 12, after some algebraic manipulations,

C (1erre (X _ 2V _au _ 13y _3u
z=(1 x)vor or $in® ar cosO p [ae cos@ 30 sin@]. (14)

Note that if U = V = constant, as would be the case when a uniform
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environmental flow is superimposed onto the vortex, then

r = (1-x) vor'(xﬂ).

which is equal to the relative vorticity of the vortex itself,

The horizontal divergence, V\/*¥, in cylindrical coordinates is

given by

] _ 8rm v

e ar © 1@
Again, substituting from Eq. 12,

S P ~(x#1), 9¥ _3U o _ 1 3Y au
Vv=( x)avor Ao cos@ P $in® - [ae sin® + 20 cosB].
(15)
If only a uniform flow exists,
-(x+1)

Vv = (1-x)avor
which is the same as that for the vortex itself.
The advection terms A, B and D, E in Eq. 9 can now be calculated.
To obtain an amalytic solution, it is sufficient to solve for the
derivatives of C and f without having to multiply u or v to the

derivatives algebraically., These derivatives can be solved to give:

Term A:
2z 2. —(x+2) 2%y 2y
= ~(1-x"}v r - $in® - =/ cos@©
ir o 2 2
Jr ér
- l‘['a_"zv ) -—a—“ZU sinol
r-arde °°%Y T arpe MM
1 .3V _ou _,
+ 5 [89 cos@ 20 sin®]

(16)
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Term B:

2 2
2L 1 9V ., 2T - 9v u
$9® - r arae Sin® G ag C0S@ — T cos@ + o sind
- —{QEX cos® — QEE sin@] + 1{§X sin® + (1Y cos0]
e so2 £ 30 26 (17)
Term D:
U - Lo 4 (@ +0)] = +8)
ar - 31 L, B r cosla = B cosfa {18)
Term E:
%’% = %fé[fo+prcos(a+e)1 = - B sin(a + @) (19)

If U and V are known functions of r and @, Eqs. 12a, 12b and 13 through
Eq. 19 can be computed, Substituting them into Eq. 9 will give the
relative vorticity tendemcy @8C/8t at any r and ©.

The effect of the enviromment flow (U,V) on 87/9t (through
modifying the various terms in Eq. 9) can then be studied by using
different functional forms of U and V. The direction of cyclone
movement Gm is then determined by differentiating 9C/8t with respect
to 8 and setting it to zero.

Similar to the formula given by Pettersen (1956) for the speed of
movement of pressure centers, the vortex speed Vc can be estimated by
assuming that the vortex moves into the area of maximum a4Z/8t, In this

case,
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az _ az
(300e=0 = ~ Y, Grle=o
m m
(af:/at)9=em
ar V = e T M
c (3C/Br)e=9m (20)

The negative sign is to compensate for the fact that 8L/8r is negative
outside the radius of maximum wind., As will be seen later, the value of
Om and Vc may be a function of r, Therefore, an additional assumption
has to be made before the movement of the cyclome can be completely
determined. This will be addressed in the next section. Note also that
Eq. 20 also assumes a steady—state vortex.

In the rest of this chapter, five special cases which can provide
some physical insights into the problem of cyclonme motion will be

analyzed. These five cases are listed in Table 21.

TABLE 21

The five special cases analyzed in the analytical study of the
vorticity equation.

CASE EFFECTS(S) TO BE STUDIED

I Differential in Coriolis parameter across a
non—divergent symmetric vortex (P—effect)

II (Case I) + divergence/convergence of a symmetric vortex

III (Case II) + uniform envirommental flow

IV {(Case IIY) + horizontally-sheared cross wind

\' (Case II) + divergent envirommental flow
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4.3 CASE I. — Motion of a Non—divergent Vortex With No Environmental

Flow
In this case, U=V =a= \/*¥ = 0, This means that
-x
v = vr
)
and
L = (1-x)vor_(x+1) .

Since no envirommental flow exists, the angle o can be set to zero

without loss of gemnerality. Then,

&e _ vor-x B sin® (21)

which shows that the change in relative vorticity is entirely a result
of the advection of the earth’s vorticity by the tangential wind. This
vorticity tendency is maximum when 6 = 900. that is, to the west of the
vortex. Therefore, the vortex would tend to move towards the west.
This is the Rossby wave effect obtained by EKasahara (1957), Adem and
Lezama (1960) and other researchers. See the review given in section
3.4.1,

To estimate the speed of the vortex, the term 98%Z/8r has to be

calculated. This is given by

[ (12 -(x+2)
ar (1-x”) VT
so that the cyclone speed (from Eq. 20) is
Bvor_x
vV o= -
© - (l—xz)vor—(x+2)

or
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c (22)

Equation 22 suggests that the cyclone speed depends on r, that is, the
vortex will tend to be elongated in the east-west direction. Such a
distortion of the vortex was also pointed out by Kasahara (1957). But,
as suggested by Holland (1982), when this happens, the tangential wind
will advect the 'additional' vorticity around to maintain a quasi-
symmetric vortex,

In real sitvations, the whole vortex is assumed to move with only
one speed. It might therefore be appropriate to define a mean radius In
such that by setting r = Tps the cyclone speed will be that given by the
equation for calcunlating Vc. This radius has been referred to as the
'effective radius’ (see, for example, Adem and Lezama, 1960; Holland,
1982), It is usually ~ 300 km. In order to compare the results among
different cases, a standard effective radius Tp of 300 km will be used

in all future calculations in this paper.

4.4 CASE II - Motion of a Symmetric Divergent Vortex with No
Environmental Flow

This is similar to Case I exzcept that a # 0, Then, u = a vor—x.

v = vr¥ [ = (1—x)vor_(x+1). \YJ —(x+)

o + V= (l—x)avor

and (with a = 0)

ac -(x+1)

-2(x+1)
at ¥

_ _ - _ _
=V, [2x(1 x)avor r “Bsin® fo(l x)ar

P ¢
a(2-x)r “PeosB] . (23)
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Since A\ and x are characteristics of the vortex, Eq. 23 shows that the
local change in relative vorticity is completely determined by the
amount of convergence (as given by the parameter a) and the earth’s
vorticity.

Differentiating Eq. 23 with respect to © and setting

d(ac/at)/ee =0,

0 = vor_xB [cosem + a(2-x) sinem]
or
_ -1r_ 1 (24)
6, = tan [ a(2—x)] *

If a=0, Eq. 24 reduces the Gm = 900, which is Case I. Therefore, the
existence of convergence/divergence in the vortex shifts the location
where 9L/3dt is a maximum, The amount of such a shift will depend on
the sign of a. If & > 0 (corresponding to a divergent vortex), Om > 90°
and the location of maximum &Z2/8t will be shifted equatorward.
Conversely, a convergent vortex (a ¢ 0) will shift this lccation
roleward., This can be explained physically by considering Fig. 18 for a
convergent vortex in the Northern Hemisphere. At point A, both v and u
are advecting the earth’s vorticity southward. This means that,
compared with Case I, the increase in & is larger for 0° 0 < 900.
Therefore, 9%3/3t reaches a maximum at @ < 90°. Notice also that the
stronger the inflow, the farther poleward the maximum 8%5/9t will be.
An example of this is shown in Fig. 19 for x = 1/2. For an inflow angle
of 10° {corresponding to a = -0.18}, Gm = 75°. As will be seen later,

this effect (of the advection of the earth’s vorticity by the vortex

flow) is of significant importance in determining whether a cyclone will
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Fig, 18. Schematic of & symmetric vortex with a uniform radial inflow
u (<0).
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Fig. 19. Variation of 6 (the azimnthal location of maximum 3L{/3t) with
the tangent of inflow angle a for x = 1/2,
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move to the left or right of the envirommental flow. Similar ideas have
glso been discussed by Holland (1982).
The local change in , as given by Eq. 23 has two terms, 2x(l1-x)

- + =
zor 2(z+1) and —fo(l—x)avor (x+1), that are due to the

av
convergence/divergence of absolute vorticity caused by the radial wind.
Since they are independent of 6, they only spin up/down the vortex but
do not comtribute to the movement of the vortex. Therefore, to

calculate the cyclone speed Vc. it is only necessary to consider the

asymmetric terms in Eq. 23. That is,

vor_xB [s:i.ng,n_1 - a(2—x)coseﬂl

-(x+2)

Vo= -
= (l—xz)vor

or

rZB[sinOm - a(2—x)cosﬁgl

vV = {(25)
[ 1—x2

Again, if a = 0, Eq. 25 reduces to Eq. 22, that is, Case I. Therefore,
the presence of convergence (divergence) increases (decreases) the

cyclone speed.
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4.5 Case III — Motion of a Symmetric Divergent Vortex Under the
Influence of a Uniform Environmental Flow
4,5.,1 Theoretical Analysis

In this case, V = constant and U = 0. Then,

n = avor_x + Vcos®
v = vor‘x — Vsin®
é = {(1-x) v r-(X+1)
o
and
VW = (1-x) avor_(x+1)
so that
2t _ a2 =2(x+1) _ ~(x+1) _ . ~x
7 2x(1-x)av of fo(l x)avor a(2 x)vor Bcos (a+8)
+ vor”xﬁsin(a+e) + (1—x2)Vv°r—(x+2)cos9 ~ VBcosa . (26)

Compared with Case II (Eq. 23), Eq. 26 shows that the presence of a
uniform environmental flow produces two additional terms: (1) the
advection of the vortex vorticity by the radial component of the

-(I+2)c039] and (2) the advection of the

environmental flow [(1-:2)vv°r
earth’s vorticity by the meridional compoment of the flow (VBcosa).
4.5.1.1 Direction of Vortex Movement

Of the two additional terms described above, only term (1) (that

is, (l-xz) Vv vor-(x+2)

cos@) contributes to the azimuthal location of
8%/dt because the other term, VBcosa, is independent of ©. Note also
that because e is no longer zero, the other two terms that contribute to
8, ~a(2-x)v_r "B cos (a + 6) (which is the sum of the advectionm of

earth’s vorticity by the vortex radial wind and the coupling of the
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divergence of the vortex and the spatially-varying part of earth's
vorticity) and vor_xﬁ sin (e¢ + ©) (which is the advection of earth’s
vorticity by the vortex tangential wind), are now functions of the
direction of environmental flow a.

The azimuthal location of maximum 98%/9t (that is, Om) can be

easily calculated by differentiating Eq. 26 with respect to © and

setting 3(8%/8t)/86 = 0. This gives
em - tan—l [ > ﬁ!:;2—xlsina + cosal 1. (27
(1-x7)Vr © - pla(2-x)cosa — sinal

If V=20 and ¢ = 0, Eq. 27 reduces to Eq. 24, that is, Case II, An
important point to notice is that if p = 0, Gm = 0 for 811 values of V.
That is, the cyclone will move in the direction of the environmental

flow. Therefore, the difference between the direction of cyclone motion

and that of the environmental flow is entirelv a result of the variation

—— —— om—— — e Sl T LD, e ST

in the Coriolis parameter. This result was also obtained by Holland
(1982). Equation 27 also shows the dependence of Gm on the direction of
the environmental flow a.

A major difference between this case¢ and the previous two cases is
that Om depends on r., Such a dependence comes from the advection of the
vortex vorticity (which is a function of r) by the radial component of
the envirommental flow (which is a function of ©). This result
therefore points to the importance of the envirommental flow in
determining cyclone motion,

One finding in observational steering flow studies (for example,
George and Gray, 1976; Gray, 1977; Brand et al., 1981 and Chapter 2 of

this paper) is that c¢yclones do not move along the environmental flow
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but rather at an angle to it. Equation 27 shows this is the case since
6, can oaly be zero if (1) B = 0 (the case of which has been discussed

earlier) or (2)

- -1 (28)
tang = a(2-x)

which is the same as Case II. For a = -0,18 and x = 0.5, Eq. 28 gives @
= 75°, Under these conditions, cyclones embedded in an environmental
flow with o < 75° (that is, with directions > 285°) will move to the
left of the envirommental flow. On the other hand, if a > 75° & cyclone
will move to the right of its environmental flow. A physical
explanation of this effect will be given in the next sub-section,
Notice that this result is independent of V, r or §. It, however,
depends on the shape of the vortex (as determined by the parameter x)
and the amount of divergence/convergence (which is related to a).

The variation of Bm with @ can be studied further by keeping V and

r constant. An example of this is shown in Fig, 20, with V=5 m shl, r

= rp = 300 kn, a = ~0.18, x = 0.5 and B = 2.15 x 10 11w 151
(corresponding to latitunde 20°N). This figure shows that if the
environmental flow has a direction more than 75% west of north or 125°
east of north, the cyclone will move to the right of the flow.
Otherwise, it will move to the left. A comparison of this result with
observations will be made Iater in this chapter.

The variation of Bm with the environmeantal speed V cam also be
studied by keeping o and r (=rE) constant. Figure 21 shows such a
variation for different directions of envirommental flow. It appears

that in the range 45° LaeX 900, Gm is fairly constant with V as long as

V is greater than or equal to about 5 m s—l. However, when the flow
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Fig. 20. Variation of Oy (in degrees) and V. — V with direction of

environmental flow a,
direction is very different from due west, the variation of Om with V is
significant., This is because dem/dv depends on both V and a, eas can be
seen easily from Eq. 27.

4.5.1.2 Speed of Vortex Movement

The speed of movement Vc can be calculated as before, that is,
(9 C/at)A,0=0m

c (8CIBr)e=9
m

where the subscript A means only the asymmetric terms need to be

considered. Then,

rzﬂ[sin(a+9m) - a(2—x)cos(a+9m)]

—_—

2 .

v

¢ VcosGm +

(29)
1-x
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Fig. 21, Variation of €, (in degrees) with the speed of the
environmental flow V as calculated from Eq. (27).

Compared with Case II, an additiomnal term VcosGm is present, which is

the radial component of V in the direction of cyclome motion,

Another finding in previous steering flow studies and the onme
described in Chapter 2 is that in most cases, cyclones travel faster
than its environmental flow. To investigate this, the guantity Vc -V
needs to be calculated., From Eq. 29,

rzﬂ[sin(a+9m) - a(2-x)cos{a+® )]

_ - o
Vc -V = V(cosem 1) + 1—x2 . (30)

Keeping V constant, the variation of Vc ~ V with a can be determined,

This is shown in Fig. 20, It can be seen that as long as the
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environmental flow is less than ~ 30° east of north (a = -30°), the
cyclone will move faster than the envirommental wind, Otherwise, it
will move slower. Since the majority of cyclones move in a direction
with -30° £ aX 90°, they therefore move faster than their
environmental flow. This is entirely a result of the B-effect because
from Eq. 30, Ve can only be eqmal to V if B = 0 (in which case Gm =0,
from Eq. 28). Note that the "critical” angle at which a cyclone
switches from moving faster to slower than the envirommenta} flow
depends on the effective radius I and the convergence a, In this case,

the critical angle is -30% for r_ = 300 km and a = -0.18,

E
The maximum value of Vc—V in Fig. 20 (~ 2.5 m s—l) appears to be
larger than the observed difference between cyclone and environmental

1). This apparent discrepancy is probably due

wind speeds (~1-1,5 m s
to the fact that the composite data sets analyzed in Chapter 2 ususally
include cyclones with a wide range of directions, The difference Vc—V
obtained from the composites is therefore a mean value and thus smaller
than the predicted difference. Other factors such as different
effective radii (rE), convergence (a) and vortex shape (x) can also
cavse such a discrepancy. It is also possible that the present analysis
does not capture all the physical processes involved.
4.5.1.3 Physical Interpretation

A simple physical picture can now be drawn to explain the motion of
vortices under the influence of a uniform envirommental flow on a B—
plane., Four cases are depicted schematically in Fig. 22. Because of
the Pf—effect and the convergence associated with the vortex, the vortex

always has a component towards the west-northwest (at 75° west of north

in this case, as indicated in Fig. 22 by the dashed arrow labeled B).
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V _environmental flow

_f{)deﬂeoﬁon due to
A effect

R resultant cyclone
motion vector

Fig. 22, Schematic depiction of the resultant motion of a vortex due to
a uniform envirommental flow and the f-effect with rp=300 km,
a=-0,18, p =2.15x 10711 p1 -1, ; =0.5 andVv=25ms1,

In Case A, the envirommental flow V is due west (a = 90°). The

resul tant motiom vector R is therefore slightly to the right of V with a

magnitude Vc > V. 1In Case B, V is due northwest (a = 45°) so that Om =

10° (see Fig, 20) and R is to the left of V with Vc > V. In Case C, the
flow is from the scuthwest (a = —450) so that although the resmultant

motion vector R is still to the left of ¥, the vortex is moving with a

speed Vc ¢ V. Lastly, Case D shows that for a northwesterly flow (a =

—1350), the cyclone travels slower and to the right of the flow.

Therefore, the motion of a cyclone must be determined by combining the

effects of bothk the envirommental flow and the B-effect which,

unfortunately, depends on the coavergence/divergence associated with the

vortex,
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At first glance, Eq. 30 appears to indicate that Vc ~ V varijes
linearly with V, But this is not the case because Bm is also a function
of V (see Eq. 28 and Fig. 21). Plots of Vc = V against V for certain
values of a are shown in Fig, 23, It appears that the variation of Vc -
V with V is not significant especially for large values of V and a > 0.
Note, however, that although Vc - V decreases with V, Vc actually
increases with V. Therefore, combining the results from Fig., 21 and
Fig. 23, it can be concluded that increasing the environmental flow
reduces the deviation of cyclone direction from the direction of the

flow and increases the cyclone speed by an approximately comstant

magnitude,
a=-018
x= Q5
3- B= 2105 x 10 m's!
re= 300 km
:::;-—______ = 90°
Q= 45°
2+ K
= Q= 135
@
E
.
;.'c Ik Q- [
0 \
| \
1 1 1 i L L J a =-45.
0 2 a4 6 8 10 12 14
V (ms)

Fig. 23. Variation of V, — V with V for different directions of
environmental flow (a).
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4.,5.2 Comparison with Observations

Although the environmental flow around the cyclomes studied in
Chapter 2 may not be uriform, it is useful to compare the results
obtained from the present theory with those from observations,

Consider first the directional deviation between the direction of
cyclone movement and that of the environmental wind. This was presented
in Chapter 2, Tables 4, 5 and 6, From the analysis presented here (Fig.
20), one would expect that westward-moving cyclones have the smallest
positive deviation or even a negative deviation while eastward-moving
cyciones should have the largest positive deviation. This, however,
does not show up in Table 4 (northwest Pacific cyclones). In fact, no
systematic pattern is apparent, although all cyclones have a positive
deviation. Several factors may contribute to the positive directional
deviation of westward-moving cyclomes: (1) the surrounding flow might
not be uniform, (2) a cross flow might be present (in which cases the
present analysis would not apply) and (3) the comvergence in each
stratification might be different. Again, it is also possible that the
present analysis is not adequate.

On the other hand, for west Atlantic cyclomes, westward cyclones do
move to the right of the surrounding flow while northward cyclones move
to the left of the flow, at least at both 600 and 500 mb (see Table 5),
as predicted by this analysis. The most significant difference in the
angular deviation between cyclomes moving in different directions appear
in Table 6 which shows these deviations for Australian/south Pacific
cyclones, Eastward-moving cyclones move consistently to the right of
the surrounding flow while the opposite is true for westward-moving

cyclones., This difference is just what the present theory predicts for
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the Southern Hemisphere because the combination of the Rossby Wave
effect and the convergence associated with the vortex produces a
southward deflection (see Case II, Eq. 24).

Another possible comparison between the present theory and the
observational results in Chapter 2 is to analyze the variation of the
directional deviation with height, Two factors need to be considered.
They are the amount of comvergence (represented by a) and the vertical
wind shear, As shown in Fig. 21, the variation of Om with the magnitude
of the wind is not very significant except at very low speeds.
Therefore, the major consideration in the vertical variation of
directional deviation should be the amount of convergence, Figure 24
shows how @  varies for different combinations of o and a. For most
cyclones, -45° L af 100°, In this range, Om increases as the amount of
convergence decreases. Now, in tropical cyclomes, at about 300 km from
the cyclone center, the amount of convergence decreases with height
(see, for example, Frank, 1977). Therefore, one would expect the
directional deviation to increase with height. Indeed, this is the case
for northward and eastward cyclones in the northwest Pacific and
northward cyclones in the west Atlantic. The reverse is true for
westward cyclones in the south Pacific/Australian region, since they are
in the Southern Hemisphere where a is positive for convergent vortices,
For westward cyclones in the west Atlantic and, to a lesser extent in
the northwest Pacific, Om slightly decreases with height. For @ } 80°,
the variation of Om with the amount of convergence is very small (see
Fig. 24). 1In this case, other factors (vertical wind shear, change in

effective radius, etc,) might become important and give rise to the
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Fig, 24, Values of Oy (in degrees) as a function of both the direction
of enviromnmental flow o and the tangent of the inflow angle a.
The flow is assumed to be uniform at 5 m s™%,

observed results. The slight increase of Gm with height for eastward-

moving cyclones might be explained in a similar manner,

The difference between cyclone speed and envirommental flow speed
predicted by the present theory cam also be seen in the observations,
Figure 20 shows that for a > -300, Vc 7 V. Most of the envirommental
flows associated with tropical cyclones have directions in this range,
Therefore, these cyclones should move faster tham their surrounding
flow, This is indeed found in Chapter 2 (Figs. 13-15, Tables 12-14),
However, when the enviromnmental flow has a strong westerly component,
one would expect Vc { V. This relationship is observed for eastward-

moving cyclones in the morthwest Pacific (Fig. 13 and Table 12) for

flows at 600 and 500 mb,
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Thus, although the cyclones analyzed in Chapter 2 might be embedded
in non-uniform environmental flows, the relatively simple theory here is
capable of explaiming most of the observations,

4.6 Case IV — Motion of a Symmetric Vortex Under the Influence of a
Cross—wind

This is to study the situvation in which a cyclone moves into s
cross—wind, The study by Chan et al. (1980) shows that such a cross—
wind (especially at 500 mb) correlates very well with a directional
change of the cyclone, This analysis may give a better understanding of
the possible physical processes involved.

In order to solve the problem analytically but without loss of
generality, the cross—wind component will be assumed to vary linearly
with Y, that is,

U = UbY = Uor cos6 {31)

where Uo = constant and has a dimension of [T]-l. This current will
produce & cyclonic (anticyclonic) shear if U0 is negative (positive).
The basic envirommental flow V along the Y-direction will still be

assumed to be uniform, that is, V = constant. Then,

a = avor_x + Vcos® - (UbrsinZB)/Z
v = vr X -Vsin® - T rc0529
0 o
L = (1-x) vor_(x+1) -0
(32)
and
V'V = {(1-x) avor-(x+1).
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Notice that this shear flow (Eq. 31) adds its relative vorticity (—Uo)
onto that of the basic flow. However, since the cross flow is non-
divergent, the divergence remains the same as that in Case III. Also,
because U  is constant, 9%/dr and (3%/90)/r are also the same as those

in Case III. Therefore,

e _ 8L _ ~(x+1) ., __2, . _ —{x+1)
Fydille (at)III 1/2 voUor (1-x")sin20 + UOSE_f)avor
(1) (2)
= Uorﬁcosesina

(3)

where (BCIBt)III is the local change of relative vorticity in Case III
(Eq. 26).

Equation 33 shows that compared with Case III, the presence of a
cross—wind leads to three additional terms im the vorticity eguation.
These are

1) the advection of the vortex vorticity by the radial component

of the cross flow,

2) the coupling of the divergence of the vortex and the vorticity

associated with this flow, and

3) the advection of earth’s vorticity by the meridional component

of this flow.,
The effect of these three terms can be seen in the following two
examples. In both cases, 0 < a ¢ 90° and the vortex is convergent (a ¢

0).
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(a) Uo > 0. This implies an anticyclonic shear in the cross-wind,
as shown schematically im Fig. 25a. Term (2) is always negative, Term
(1) is positive (mnegative) if the radial component of the cross wind is
outward (inward). Term (3) is negative in front of the cyclone and
positive behind it. Figure 25a shows that in front of the cyclone, all
the terms are negative in region B while region A has a positive
contribution from term (1). Therefore, the cyclone would tend to turn
to the right of the present track (~ Y-direction). In other words, the
right—turning motion of the cyclone is due to the advectiom of the
vortex vorticity by the radial component of the cross—flow.

(b) U° ¢ 0. This means the shear in the cross-wind is cyclomic,
as depicted schematically in Fig. 25b. Term (2) in this case is always
positive, Term (3) is positive in front of the cyclone and negative
behind it. The sign of term (1) is determined in the same way as
described previously. Ia front of the cyclone, region B clearly has the
largest increase in C and the cyclone would therefore tend to turn to
the left of the present track. Again, it is the advection of the vortex
vorticity by the radial component of the cross—flow that is responsible
for this directioral change,

Notice that in both cases, even if the vortex is divergent, the
same qualitative conclusion would be drawn since term (2) is independent
of ©, These¢e two cases suggest that the environmental flow makes a
cyclone change its directiom not by ’'steering’ the cyclone but by
creating a maximum increase in the relative vorticity alomg its future
track, primarily through the advection of the vortex vorticity., Im
Chapter 6, the vorticity budget of cyclones undergoing turning motion is

examined., It will be seen that this is indeed the case.
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Fig. 25a. Schematic depiction of the U-component of the envirommental
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Differentiating Eq. 23 with respect to 6 and setting
9(at/at)/80 = 0 leads to

-{x+2)

[(1-x2)vv°r - Uorﬁsina]sinem

= [a(Z-x)sin(a+9m) + cos(u+9m)]va::—x

'R r_(x+1) (1—x2)[c0829m - sinzem] .

0o (34)

Instead of solving Eq. 34 (which is a fourth order equation in sinGm) to
determine em, a qualitative 'vector analysis’ like Fig. 22 will be
performed, as depicted in Fig. 26, In this particular case with ¢ =
450, a4 c¢cyclone would normally deflect to the left of the flow V, as was
shown in Fig, 22. Now, because of the cross—wind component U(=UOY), the
deflection will change according to the sign of Uo' In case (a), Uo >0
so that the resultant R is to the right of V. In case (b) Uo {0 and R
is to the left of Vo’ in consistency with Fig, 25. Notice that in case
(a), the rightward motion has to overcome the B effect (which tends to
deflect the cyclome to the left) while in case (b), the P-effect
'cooperates’ with the leftward motion. As a result, the magnitude of em
in case (a) is smaller than that in case (b), for the same magnitude of
U. Therefore, in order to create a significant rightward motion, & very
strong cross—wind will have to be present. This is often the case when
a northwestward-moving cyclone encounters a strong baroclimic trough and

subsequently turns norithward or northeastward.
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v, y —component of

enviromental flow

U 2 x—component of
environmental flow
(U V2 )2
—_ ——> resultant vector of
environmental wind

—-==-- deflection due 1o 8
effect

R, resultant cyclone
motion vector

Fig. 26, Schematic depiction of the resultant motion of a2 vortex due to a
uniform environmental flow (V), a cross-wind U = U,Y and
the P-effect for (a) U, > 0 and (b) U, < 0. Other parameters
are the same as in Fig. 22.
It also appears from Fig. 26 that the magnitude of the resultant
cyclone motion vector R is larger in case (b) than in case (a). This

can be seen by calculating Vc from Eq. 33, with 8L/8r being the same as

the previous two cases. This is given by
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Uor(x+3)ﬁsina
Vc = VcIII - {1/2) Uors1n29m - > cosOm (35)
(1-x )vo
— T 7
(4) (5)

where chII is the cyclone speed in Case III, For Uo > 0, Om {0 so

that term (4) is positive and term (5) is negative. For Uo ¢ 0, both
terms are positive. Therefore, Vc in case (a) (U0 > 0) is less than

that in case (b) (U0 < 0).

4.7 Case V — Motion of a Symmetric Vortex Under the Influence of an
Environmental Flow With Speed Shear

This would be the case in which a cyclone moves into a new
environment in which the flow has a speed different from that of the
present enviromment. To make the algebra simple, it will be assumed
that no cross—wind exists (i,e., U = 0) and V is assumed to vary
iinearly with Y, that is,

Vv = V6 + V.Y = Vo + Vlrcose (36)

where Vo and V1 are constants, An example of this is shown in Fig, 27.

Then,
o = :1wa'(’1'."—x + (Vo + Vlrcose)cose
v = vor_x - (V0 + V;£c0s0)sin®
(37)
L = (1-x)v r_(x+1)
o
and V-W¥ = (l—x)avor_(X+1) + V1.
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V=10ms

V=10ms

Fig. 27. Schematic depiction of a divergent envirommental flow (V =
Vo + V1 Y) analyzed in Case V with Vo = 5 m s %, v; =
(5/3) x 1075 w!. This gives a wind of 10 m s~ at Y =
+ 300 km (points D, E and F), 5 m s™1 at Y = 0 (points A, B
and C) and 0 m s™1 at Y = — 300 km (points G, H and I).
Notice that the flow described by Eq. 36 is a pure divergent flow so
that the relative vorticity remains unchanged while an additional so
that the relative vorticity remains unchanged while an additional

divergence is present, as can be seen in Eg. 37. This also means that

8z/0r and (8:/00)/r are the same as in Case III, Therefore,
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25 - (&

ac -(x+l)
ot ot

r—(x+1)

_ 2 2
IIr - (l—x)Vivor Vlfo + {(1-x )Vlvo cos ©

(1)

= IBIOOS(G+9} = Vir Becosacost,
(38)

(2) (3)

where (a;/at)III is the local change of ¢ in Case III with V=Vo (given
by Eg. 26). Because of the presence of the speed shear, three
edditional asymmetric terms appear:
1) the advection of the vortex vorticity by the radial component
of Vl'
2) the coupling between the earth’s vorticity and the additional
divergence, and
3) the advection of earth’'s vorticity by the meridional component
of Vl.
The effects of these terms on the movement of the cyclone will be seen
when Gm and Vc are calculated,
To find Gm. differentiate the asymmetric part of Eq. 38 with

respect to O and set 3(dz/dt)/906 = 0, Then,

pla(2-x)sina+cosa + vlvo-lr(x+1)sina]—z(l—xz)vlr—lsinam
tan®_= =
" (1—x2)1%r_2-ﬁ[a(Z—x)cosa—sina+2v -1r(x+1)cosa] (39)

1%

The most important thing to note in Eq. 39 are the two B—iterms, one

in the numerator and one in the denominator. Comparing these terms with
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those in Case III (Eq. 27), an extra contribution in each term appears.
This contribution came from the coupling between the divergence of the
environmental flow and the earth’s vorticity (term (2) in Eq. 39). It
was concluded in section 4.4 (Case II) that a comvergence/divergence
would change Gm. Now since extra comvergence/divergence associated with
the envirommental flow is present, this would provide an extra 'forcing'’
in changing Om in a way described in section 4.4. In section 4.5, it
was concluded that Gm = 0 when tan q = [a(2—x)]_1. Now, because of

this extra convergence/divergence, Om will be zero when

1
a(2-x) + Vlvo

BRI 1 _(x+1) (40)

which is different from the cese when the environmental flow is non-—
divergent (Case III, Eq. 27). If Vl > 0 (divergent flow) and a < 0, Gm
will be zero when the flow is at an angle west of north (a > G) greater
than that for the non-divergent case. Therefore, for the same value of
a and x, a divergent envirommental flow can cause the cyclone to move to
the left of the flow in some cases when the latter would move to the
right of the flow had the flow been non—divergent, For a convergent
flow, the opposite would occur. Note also that because of this
convergence/divergence associated with the eavirommental flow, Om would
still be non-zero most of the time even for a mon-divergent vortex (a =
0.

Equation 39 is a transcendental equation and can only be solved by

an iterative process., The results for the case with Vo =5fm s~1 and Vl

= (5/3) x 10_5::1_1 are shown in Fig. 28. This corresponds to a total
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Fig. 28. Variation of Oy (in degrees) with a for Case V,

wind of 10 m s—1 at 300 km in front of the cyclone, as shown
schematically in Fig. 28. In Eq. 39, Vo also mneeds to be defimned.
Assuming a 10 m :s-1 tangential wind at 300 km gives a value of Vo =
5.4772 x 10°x°/251. The first thing to note from Fig. 28 is that o
has a maximum at ¢ = 0. This is physically reasonable because when g =
0, coupling between the divergence of the envirommental wind and P is a
maximum, As discussed above, the values of o at which Bm = 0 will not
be the same. This is indeed the case if Fig. 28 is compared with Fig.
22, Such a comparison is possible because in Case III, the values of a
at which 9m = 0 is independent of V.

A conceptual view of the effect of this extra divergence is shown
in Fig. 29. BSince divergence has the effect of deflecting the cyclone

southward (in the Northern Hemisphere), the combined effect of the

convergence of the vortex and the divergence in the environmental flow
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_V . environmental wind

deflection due to convergence
of vortex

D  deflection due to divergence
in environmental flow

——» resultant cyclone motion vector
_ R’ resultant cyclone motion vector if D=0

North

Fig. 29,

Schematic depiction of the resultant motion of a convergent
vortex with the envirommental wind V=V, + V1 Y, V{ > 0.
Values of the significant farameters are rg = 300 km, a =
0,18, p =2.15 x 10711 w1l 1, x = 0,5, V, = 5 m 571,

Vy = 1.667 x 1075 571, v, = 5.4772 x 103 w372 -1,
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in Case A will cause the c¢yclone to deflect to the left of V, but by a
larger amount than the case of non—divergent flow (as indicated by the
arrow R’)., In case B, the effect of the divergence is to cause the
cyclone to deflect less to the right of the flow than the non—~divergent
case. Case C shows that under the influence of a divergent
northwesterly flow, a cyclone would deflect more to the right of the
flow than the case with V1 = 0. Finally, a southwesterly flow (Case D)
would cause the cyclone to deflect less to the left of the flow than the
non~divergent case, These cases illustrate the importance of a non-
uniform environmental flow on the direction of movement of a cyclone.

This importance can be further demonstrated by studying the
relationship between Om and the divergence/convergence in the
environmental flow., This is shown in Fig, 30 for five directions of
flow. These curves show that the variation of Om with Vl is much
greater for convergent flow (Vi { 0) than for divergent flow (Vi > 0).
This is because a convergent flow reinforces the convergence present in
the vortex to produce a much stronger p—effect. The cyclome would
therefore be deflected more to the left or more to the right depending
on what the value of ¢ is, On the other hand, a divergent flow works
against the poleward deflection due to the convergence present in the
vortex. However, if such a divergence is large emnough, it might
overcome the latter effect.

To see if a cyclome will speed up (and if so, by how much) under
the inflvence of a divergent flow, the cyclone speed Vc will have to be
calculated, Since 38;/9r is the same as Case III, the formula for Vc

can easily be derived to give
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2
V& = (V6+V1rcos9m)cosem + f%i; sin(a+0m)—a(2-x)cos(a+9m)
vlr(x+1)
- ——— [cos(a+® )+tcosacos® ]
\A n m (41)

The first term on the right hand side represents the effect due to the
advection of vortex vorticity by the total wind while the second term is
the resultant f-effect., It is not obvious from Eq. 41 what the effect
of V1 has on Vc' Bowever, when the actual values of Vc are calculated,
a better physical picture emerges, In general, the e¢ffect of the term
involving V1 is not as significant as the other terms in Eq. 41.
However, it does change the resultant B-effect because em, which appears
in all the terms on the right hand side of Eq. 41, is a function of Vl
(see Eq. 39). This is especially true for the pP-effect term since em is
coupled with a.

Figure 31 shows the variation of cyclone speed Vc with the
convergence/divergence associated with the envirommental flow for five
values of a. A general observation from this figure is that if the flow
is slowing down (Vi < 0), Vc is less than Vo' The rate of change of Vc
with V1 varies for different values of a. When the flow is
northeasterly (a = 135%), the increase in Vc with V, is the largest.
This is because at this angle of flow, the cyclone always travels faster
than the environmental flow. A divergence in this flow will further
enhance the magnitude of Vc (see Case B in Fig. 29). On the other hand,
a convergence will actually reduce the increase in Vc caused by the

convergence of the vortex. (This can be easily shown using a diagram
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similar to Fig. 29.) Therefore, this flow will slow a cyclome down only
if the convergence in the flow is strong enmough, A divergent
northeasterly flow will speed up the cyclone by a great amount,

The curve for a easterly flow (¢ = 90°) is similar. However, for
the same Vl’ Vé is larger than the case with o = 135°, This is because
in this case, the flow angle is nearer to that at which Om = 0. As
indicated in Fig. 20, the difference between Vc and the environmental
flow is maximum when Om = 0.

For a southeasterly flow (o = 45°), a convergence will be "in
phase” with that of the vortex to give a greater increase in the
magnitude of Vc. Therefore, for the same Vl (< 0), Vc is larger than
the two previous cases., However, a divergence in this flow will work
against the convergence of the vortex (as shown by the example in Case
A, Fig. 29) and reduce the increase in Vc, and thus the slope of the
part of the curve with V1 > 0. Another interesting point is the ’'dip’
when VlY = —4ms _1. This is a result of the fact that the increase in
the advection of vortex vorticity by the total flow is not enough to
compensate for the decrease in the convergence of the flow when VlY

1 to -4 m s}, With the exception of this ’'dip’

increases from -5 m s
the curve for a southerly flow (a = 0°) is similar to that for o = 45°
and can be explained with similar physical reasoning. Note also in both
cases, the cyclone can only be slowed down if a very strong convergence
exists.

In most cases, a cyclone moves slower than its envirommental flow
if this flow is from the southwest (a = 45°). A convergence in this

flow will tend to reduce the fB-effect due to that of the vortex., A

divergence, on the other hand, will ’'cooperate’ in reducing further the
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increase of Vc with increasing emvirommental wind. These effects are
illustrated by the curve in Fig. 30 for o = ~45%°, This curve shows that
because of this ’inherent' slow down of the cyclone under such a flow
regime it requires a strong divergence in the flow to speed up the
cyclone. This is essentially what happens to a real cyclone under the
influence of a westerly trough after recurvature. Strong divergence is
usually present on the east side of the trough in the mid- to upper
troposphre and hence the cyclone will tend to speed up.

Therefore, the problem of predicting a speed change in tropical
cyclones is not an easy task. The important parameters are the
direction of the flow and the convergence/divergence associated with it,
4,8 Discussion

This chapter presented an analytical study of the motion of a
Rankine-~combined vortex under the influence of different envirommental
conditions by solving a simplified, divergent, barotropic vorticity
equation, Table 22 summarizes the major findings of the five cases
studied. Although these flows were made simple so that the vorticity
equation can be solved analytically, examples of them do appear in
nature. The results from this study are therefore considered to be
generally realistic. They agree reasonably well, at least in a
qualitative sense, with many of the observations presented in Chapter 2
(see section 4,5.2), In Chapter 6, more data will be presented to show
the importance of the vorticity budget in determining cyclone motion,

The most significant finding from this study is the profound effect
of the differential in the Coriolis parameter across the cyclome on both
the direction and speed of cyclone movement, especially when it is

coupled with a convergence/divergence present in the vortex and/or the
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environmental flow, The beta—effect obtained by Adem and Lezama (1960),
Kasahara (1957) and many other researchers is reproduced in this study.
The coupling between the earth’s vorticity and the
convergence/divergence associated with the vortex has also been studied
by Holland (1982) using a slightly different approach, Similar results
were obtained. However, the effect of a divergent envirommental flow on
vortex movement has never been explicitly analyzed before the present
study. Likewise, the fact that a 'cross—wind' changes the direction of
cyclone movement as a result of changes in the vorticity advection
patterns and not by acting as a 'steering flow’ has not been discussed
in previous studies. The findings in this chapter point to the
importance of analyzing the vorticity budget in determining cyclone
motion., They also provide insights into the physical processes
responsible for cyclore motion, These will provide clues in the
interpretation of the results obtained from composite data, as will be

seen in Chapter 6.



CHAPTER 5 - WIND-PRESSURE BALANCE IN TROPICAL CYCLONES

5.1 Introduction

In Chapters 3 and 4 the interaction betweem the circulation of the
vortex and that of the environment has been shown to be importaat in
vortex movement. Such an interaction was considered only in terms of
the superposition of the two wind fields. Since these two circulations
must each be sustained by a pressure gradient, a superposition of the
wind fields means thet the two pressure fields must also be coupled with
each other. It is of interest to investigate whether the winds and
pressure gradients are in balance under such circumstances. As will be
seen later, this might actually have some potential applications in
forecasting a change in direction and/or speed of a cyclone.

To perform such an investigation, a simple theoretical analysis of
the problem will first be made, Although the assumptions may limit the
applicability of these theoretical results, this analysis could provide
a background for interpreting observational results from both aircraft
and composite data, The aircraft data consist of those collected by the
National Hurricane Research Project during the period 1957-1967 and ia
1969. These have been documented by Gray and Shea (1976). Composite
data sets stratified according to the speed of the cyclome described in
Chapter 2 have also been studied. In addition, calculations have been
made on the composite data sets used by Chan et 2l. (1980) in the study

of turning motion of tropical cyclomes,
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5.2 Theoretical Analysis

In order to understand the physics of the problem better, a very
simple model will be used., This comnsists of a cyclonic vortex (mot
necessarily axi-symmetric) in gradient—wind balance embedded in a
geostrophic current. A schematic of such a model is showm in Fig. 32,

Note that the term "gradient—wind balance® is mnsed here to mean that

2
v o3
R =y _ (42a)
- + va e 0
and
2
v 93
L - Y _ (42b)
T + va 3r o,
where Vg = tangential wind on the right hand side (RHS)

looking in the direction of the cyclone motion

vy = tangential wind on the left hand side (LHS)
looking in the direction of the c¢yclone motion

f = Coriolis parameter

,v = geopotential of the vortex

and r is the radial distance from the center of the cyclome. If the
vortex is not moving, the trajectories and streamlines will coincide and
Egs. 42a and 42b will indeed describe the conditions of gradient-wind
balance. However, as soon &s the vortex moves, r becomes the
instantaneous radius of curvature of the trajectory, which is very
difficult to identify. To avoid this problem, the cylindrical

coordinate system will be used. In this case, the term ’'gradient-wind
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— X
Fig. 32, Schematic diagram showing the superposition of a geostrophic
flow (with speed c¢) onto a vortex with tangential wind Vg on
the right-hand-side (RHS) and V], on the left—hand-side (LHS).
balance’ cannot be used. See the definition in the Glossary of

Meteorology (Huschke, 1959),

Now, for geostrophic flow,

te = e (43)

where

o
Il

speed of environmental flow

and
Qc = pgeopotential of the environmental flow.

On the (RHS) of the cyclome, facing downstream, Eq. 43 becomes

a,c (44a)
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while on the (LHS) Eq. 43 becomes

o - % (44b)
[+] = - .

ar
Equations 42a,b and 44a,b then describe the wind-pressure balance for
the vortex and envirommental circulations before any interaction occurs,

To study the interaction of these two fields, consider the radial

equation of motion in cylindrical coordinates (assuming frictionless) on

the RHS:
a (v + 0)2 33, +8)
® _ 'R by 4 o) — —2v " 2¢ (452)
ot = - Vgt ©) P ,
where d/dt = individual derivative following an air parcel
T = radial wind of the vortex on the RHS.
Expanding Eq. 45a,
d 2 ? 9 2 2
. B By e B 2R 2 (45b)
at T YR T or ¢ or r r °
A B

Equations 42a and 44z show that both terms A and B are zero., Therefore,

Eq. 45b becomes

duR Zch . 23 (46)

Since for a cyclonic vortex, both YR and r are positive quantities and ¢

is always positive, this analysis shows that a parcel on the RHS of the
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cyclone has a positive radial acceleratior. Tracing back to the
development of Eq. 46, it can easily be seen that the two terms on the
RHS of Eq. 46 came from the centrifugal force term in Eq. 45a.
Therefore, it is this non—linear term that creates the positive radial
acceleration,

On the LHS, the radial equation of motion gives

2
T T R ree

where Y is the radial wind of the vortex om the LHS, Ezpanding Eq.

47a,
d v B T ] 0y 2v_ ¢ 2
dt L ar ar T r
M D

Terms € and D are both zero because of Eqns, 42b ané 44b., Therefore,

Eq. 47b becomes

d
P . e _ (48)
at 2~ ) .

Inside a radims of ~ 4° latitude, 2vL is uwsually grester than ¢. Since
r is positive for a cyclomic vortex, Eq. 48 shows that a parcel on the
LHS of and inside ~4° of the cyclone world experience a negative radial
acceleration., Again, such a negative radial acceleration is 2z

consequence of the extra terms present in the non—-linear centrifugal

force term in Eq. 47a.
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These results suggests that because of the non-linear effects given
by the centrifugal force term in the radial equation of motion, the
superposition of a geostrophic current and a vortex initially in
gradient-wind balance results in parcel accelerations in the radial
direction which are positive on the RHS and negative on the LHS.
However, these accelerations are only present because the coordinate
system used is fixed with respect to the earth, If the same analysis is
performed in a coordinate system moving with the envirommental speed c,
no acceleration is present, This difference my be understood from a
kinematic point of view.

Because of the superposition of the envirommental flow ¢ onto the
vortex, the speed of an air parcel on the RHS of the cyclone would be V

R

+ ¢. BSimilarly, an air parcel on the LHS of the cyclone would have a
speed of VL — ¢. Therefore, instead of describing a circle, the parcel
trajectories will be like the ones portrayed schematicaly in Fig. 33.
If the coordinate system is fixed with respect to the earth, the parcel
on the RHS will be seen as having an outward radial acceleration and
that on the LHS an inward radial acceleration. However, relative to a
coordinate system moving with a speed ¢, these air parcels will be
observed to describe circular paths, Thus, the radial accelerations in
Eqs. (46) and (48) may be termed ‘'pseudo—accelerations’’ in the sense
that their presence is a result of the coordinate sysitem used.
Nevertheless, it is interesting tc see whether a computation of these
accelerations can provide additional information about cyclone motion,
A net wind-pressure 'imbalance’ I can be defined as

dog 4y (49)
dt  dt °
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Fig., 33. Schematic diagram showing the trajectories of air parcels
(solid lines) on the RHS and LHS of the vortex described in
section 5.2, The thick solid arrow indicates the direction of
vortex movement,

Substituting in from Egs. 46 and 48,

_ 2c (50)
I = r(vR V).
Defining the mean tangential wind as
- Wiy (51)
v = 2 »

Equation 50 can be written as

; o dev (52)
T
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This means that the net imbalance is proportional to the envirommental
wind speed c, the mean tangemtial wind v and the radius r. Thus, if v
and r are constant, a calculation of I using Eq. 49 will give an
estimate of the environmental wind. Both the observational results in
Chapter 2 and the analytical results in Chapter 4 show that the speed of
a cyclone exceeds that of the envirommental wind by an approximately
constant amount of ~ 1 m s_1 in most cases, Therefore, the value of I
should also be proportional to cyclone speed. A calculation of I might
thus provide an estimate of the envirommental wind speed.

One basic assumption in this theoretical analysis is that the
vortex is initially in a balanced state. In the real atmosphere,
cyclones are at best in a quasi-balanced state. Assuming this is true,
a cyclone moving into a different environment will be subjected to a
condition similar to that portrayed in this analysis. An imbalance will
then be created, which will cause a subsequent adjustment of the vortex.
Such an imbalance is indeed present in the data sets used by Chan et al.
(1980) in their study of the turning motion of cyclones.

In the following sectioms, calculations of I using different data
sets will be presented to demonstrate the existence of such an
imbalance,

5.3 NHRP Filight Data

The wind-pressure imbalance suggested in the last section will now
be examined using the flight data of the National Hurricane Research
Project (NHRP). These data have been fully documented by Shea and Gray
(1973) and Gray and Shea (1976). Therefore, only a brief description

will be given here.



128

5.3.1 Brief Description of the Data Set

During the period 1957-1967 and in 1969, the NHRP made about 100
aircraft flights into and out of 22 hurricanes in the Atlantic Ocean on
41 storm days, providing a total of 533 radial legs. Most of the
flights were between 900 and 500 mb. Wind, pressure and temperature
measurements were made. The accuracy of these measurements has been
discussed in the report by Gray and Shea (1976). They provide data at
2.5 n mi intervals between 5 to 50 n mi from the cyclone center.
Available parameters include radial and tangential winds, D-values and
adjusted temperature., Only the second and the third parameters are
needed in this study.
5.3.2 Selection of Cases

In general, a quantitative study of the circulaticn around an
individual cyclone requires an even azimuthal data coverage. Such a
requirement is seldom met. For the present purpose, however, only data
located to the right and left sides of the c¢yclonme (with respect to
cyclone direction) are necessary. Therefore, it should be relatively
easy to acquire such data. One restriction, however, is that
measurements along the two radial legs cannct be made at two very
different times. This is because the time period during which the
conditions around the cyclone at close—in distances can remain gquasi-—
constant is relatively short. Therefore, an arbitrary limit of 1 hour
was set, That is, only measurements along flight legs that were made
less than 1 hour apart were accepted for the present study.

Because of the inherently large cyclone—to—cyclone variability, the
best way to 'standardize’ the analysis is to compute the imbalance only

at the radiws of maximum wind (RMW). 1In deriving Eq. 52, the radius r
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is assumed to be the same on both sides. This requires that only those
cases in which the radii of maximum wind at both left and right sides
are within + 2.5 n mi of each other be chosen,

The height gradients 8(!v + Qc)lar were computed using finite
differencing with Ar = +5 n mi, This acts to reduce the
noise/fluctuations in the data of scales less than 5 n mi. However, by
doing so, a few cases with a radius of maximum wind of 7.5 n mi or )
47.5 n mi were eliminated from the sample.

As will be seen later, the wind-pressure imbalance depends on
whether the cyclomne is changing direction or not. To avoid
"contaminating” the data set, only cyclonmes that moved relatively
straight for the 12 hours following the observations were chosen,

With all these restrictions, only 10 cases are available. Although
this sample size is very small, the calculated imbalances appear to
agree very well with the theoretical resuits,

5.3.3 Results

Equations 45a and Eq, 47a were used to compute duR/dt and duL/dt.
The value of I is then calculated using Eq. 49, Since I depends on v
and r (Eq. 52), and both the maximum wind and the RMW vary from case to
case, the value of I has to be 'normalized’ in some way so that
comparisons between cases can be made. This is accomplished by dividing
I (as computed from Eg. 49) by the average maximum wind (;#) between
the left and right sides and multiplying it by the average radius of
maximum wind Gm). The normalized value of I will be demoted by Iy.
Calculations of IN are presented in Table 23,

The predominance of the centrifugal force (vzlr) and the height

gradient (33/9r) terms can clearly be seen from Table 23. This is to
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be expected since at such close—in radii, the effect of the Coriolis
force is negligible even though the tangential wind is large. Table 23
alsc shows that the height gradients between the LHS and RHS, are about
the same in almost all the cases, regardless of the strength of the
tangential wind., It appears, therefore, that tropical cyclones are
fairly symmetricel with respect to their pressure or height field, at
least near the RMW, This also suggests that the difference in the
radial acceleration (du/dt) between parcels on the LHS and the RHS is
basically in the tangential wind, With the exception of two cases, the
radial acceleration on the LHS is indeed negative (or very weakly
positive), as predicted by the theoretical analysis,

Since the values of I have been 'normalized’, it is possible to
plot the variation of IN against the cyclome speed. This is shown in
Fig. 34, together with a least—square fit for all the points. The

correlation coefficient is 0.90 with the regression equation given by

Vc = 1.70 + 0.10 Iy , (53)
where V, = cyclone speed. As mentioned earlier, the cyclone speed
exceeds the enviromnmental wind speed by about the same amount for almost

all cyclones, Therefore, one might write

where k is a constant., Substituting into Eq. 52,

L1 = (v, - x),
4v

or
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Fig. 34. Plot of the normalized wind-pressure imbalance (IN) against
cyclone speed at the RMW. The straight line is the least—
square fit with a correlation coefficient of 0.90,

1
Vo = x+3}I,, (54)

which is in the same form as Eq. 53, although the actual slope is
smaller than that predicted by the theory. The valuwe of k, however, is
about the same compared with the observational findings in Chapter 2,
These results demonstrate the approximate validity of the simple
theoretical analysis presented in the last section, They point to the
importance of the centrifugal force term in determining the radial
acceleration of a parcel, As the distance from the cyclone center

increases, one would expect the Coriolis force term to be more
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significant. How would this affect the validity of the theoretical
analysis? The flight data cannot answer this question, It is therefore
necessary to use composite rawinsonde data.

5.4 Rawinsonde Composite Data Sets of Cyclone Speed

As mentioned in Chapter 2, rawinsonde data around tropical cyclones
are too scarce to allow quantitative studies of the environmental
circulation in individual cases. Therefore, composites have to be made.
A complete discussion of the composite philosophy has been presented in
section 2.2,

Since the wind-pressure imbalance is related to cyclone speed, it
is logical to perform calculations on data sets consisting of cyclones
that were stratified according to speed. Tables 1 and 2 (section 2,2.1)
show that five such data sets are available, three in the northwest
Pacific and two in the west Atlantic. Unfortunately, at the time when
the Atlantic composites (used by Gray, 1977) were made, no height
information was composited with respect to the direction of cyclone
movement. Therefore, only the three speed data sets in the northwest
Pacific can be used. These are the slow-moving (c¢yclome speed Vc
between 1-3 m s—l, the moderate—speed (4 £ Vc £7Tm s—l) and the fast-
moving (Vc >Tn s—1) stratifications in Table 1. The height data were
composited in the way described in section 2.2.2 for the winds in the
coordinate system rotated with respect to cyclome direction (or ROT
system).

With these composite data, the centrifugal force and the height
gradient terms at various pressure levels can be calculated. The height
gradients were computed using a finite difference of 4° latitude (=444.4

km), except at 2° latitude radius from the cyclone center where a 2°
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latitude difference (between 40 and 20) was used. The Coriolis

parameter f at any grid point (r, ©) was calculated using the formula

£ = 20sinlg_ + 3= cos(a + 0)] (55)

RE

vwhere @ angular speed of earth’s rotation

radius of earth

o

a = direction of c¢yclone movement (positive counterclockwise

from north} and

%o mean latitude of all cyclomes in the stratificationmn,

Figure 35 shows the vertical variation of wind-pressure imbalance
(as defined in Eq. 49) for the three speed stratifications in the
northwest Pacific at 2 and 4° latitude radius from the cyclone center,
No height data were available at 2° for fast-moving cyclones, A general
trend in all the curves is the decrease in the value of I with height.
This is reasonazble since the value of I calculated this way should
depend on the magnitude of the mean tangential wind (see Eq. 52) which
in general decreases with height.

The imbalance specified by Eq. 52 deals only with the cyclonic
levels, At the anticyclonic levels, a superposition of the
environmental flow onto the articyclomic vortex will produce similar
results except now the value of I should increase negatively with
increasing wind speed, or correspondingly, cyclone speed. This can be
proved easily by deriving similar equations in sectiom 5.2. At 4°
latitude radius from the cyclope center, this is indeed the case. That
is, fast-moving cyclones have the largest negative imbalance at upper

levels.
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Fig. 35. Vertical variation of the wind—pressure imbalance (I) for
speed composite data sets in the northwest Pacific at 2 and 490
latitude radius from the cyclone center. No height data was
available at 2C for fast-moving cyclones.

At the cyclonic levels, the difference between the three
stratifications at 4° is rather obvious, with the imbalance increasing
with cyclone speed. Below 800 mb, little difference is found, This
suggests that the middle level flow (which is not strongly influenced by
friction and other surface effects) is much more important in
determining cyclone speed than the flow at low levels.

At 20, the moderate-speed stratification has values of I positive
at the cyclonic levels and negative at anticyclonic levels, as expected.
The slow-moving cyclones, however, behave differently. At low levels,

the imbalance is almost zero, probably because of the strong tangential

winds and the weak environmental flow, At the middle levels, the
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imbalance is negative. An examination of various terms in the balance
shows that at these levels, the height gradient on the LHS actually
reverses, giving a large positive duL/dt and hence a negative value of
I. Such a height-gradient should correspond to a flow against the
direction of cyclone movement. The net effect of this and the flow on
the RHS would produce a weak environmental flow. This could be why such
¢yclones move so slowly,

These results again demonstrate the general validity of the
theoretical analysis presented in section 5.2. A basic assumption of
this analysis is that the vortex is initially balanced. Assuming this
is the case, what would happen if the cyclone subsequently move into a
different environmental flow? Would the gradient wind balance be
perturbed and new radial accelerations be set up, and subsequently cause
the cyclone to adjust to such a perturbation? This will be investigated
in the next section,

5.5 Turning Motion Data Sets

Chan et al. (1980) studied the relation between the flow around
¢yclones undergeoing turning motion. They composited rawinsonde data
around west Atlantic cyclones that underwent a left or right turn
(directional change in 12 h > + 200) or moved relatively straight
(directional change im 12 h ¢ 20%) for a period of at least 36 hours.
The composites consist of data sets at turn time and 12, 24 and 36 h
before turn time, It is therefore possible to use these data sets to
study the wind-pressure balance before and during the turn., A schematic
of the tracks for these three classes of cyclones is shown in Fig. 36.
For a complete description of the data sets, the reader is referred to

their paper,
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Fig. 36. Schematic of the tracks of the three classes of turming
tropical cyclones at turn time T and 12 to 36 h prior to turn
(after Chan et al., 1980).

The terms in the radial equation of motion and the resulting wind-
pressure imbalance were calculated in the same way as described in the
last section., Data sets for all the three stratifications at the tura
time T and 12, 24 and 36 h before turn time (T-12, T-24 and T-36
respectively) were studied. Those at T-24 and T-36 do not differ
significantly among the three classes of cyclones. However, at T-12
large differences in the envirommental flow are present,

Figore 37 shows the vertical variation of the wind-pressure
imbalance I at T-12 for the three stratifications at 4° latitude radii
from the cyclone center., No height data were available at 2°, For

left-turning cyclones, the value of I remains positive and increases

with height while right—turning cyclones have negative values of I up to
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Fig. 37. Vertical variation of the wind-pressure imbalance (I) at T-12
for turning motion data sets in the west Atlaqtic at 49
latitude radius from the cyclone center.

200 mb. This means that the envirommental flow around left—turning

cyclones at 4° is relatively strong and increases with height. An

¢xamination of the various terms in the radial equation of motion shows
this is indeed the case. Moreover, the height gradient force on the RHS
is weakly inward but the Coriolis force is relatively stromg and
outward. At the same time, the reverse occurs on the LHS, with a strong
inward height gradient force.

The negative values of I present in right—turning cyclones result
from a positive duL/dt and a negative an/dt. On the RHS, the height

gradient is stronger than the combination of the centrifugal and

Ceriolis forces, On the LHS, the opposite occurs. If ones assumes that
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the cyclone is in gradient-wind balance at T-24, this result suggests
that at T-12, the environment around a right—-turning cyclone has a
relative height increase on the RHS and a height decrease on the LHS,
The latter is probably a result of an approaching trough, a common
situation for right-turning cyclones.

These results suggest that if data are available, then by computing
the values of I at 40. it might be possible to predict the future 24 h
directional change of a cyclone. The next step is to see if differences
among stratifications exist at turm time, This is shown in Fig. 38, No
height data were available for left—turming cyclones, Not much
difference exists between right—turning and straight-moving cyclones.

It appears therefore that wind-pressure imbalance calculations at turn
time is not useful in predicting directional change. Perhaps conditions
favorable for the turn have already been established by this time.
Combining this finding with the results at T-12, one might suggest that
the environment conducive to a directiomal change of a cyclone is
present 12 h before turn time,

In section 4.6, it was shown that a cross—wind would change the
direction of cyclone movement. This also shows up in the observational
study by Chan et al. (1980) on the turning motiom of tropical cyclones,
Therefore, it should be of interest to study the wind-pressure balance
between the front and back of a cyclone ander such circumstances, This
can be done simply by calculating the radial acceleration in front of
(denoted by duF/dt) and at the back (denoted by duB/dt) of the cyclone,
The front and back areas are defined with respect to the direction of

cyclone movement (Octants 1 and 5 respectively in Fig. 4). Then, the
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Fig. 38. Same as Fig. 37 except for turn time T. Height data were not

available for left—turning cyclomes,

wind-pressure imbalance between the front and back, IFB' can be

calculated as

. . - (56)
FB dt dt  °
Agein, not much difference exists between the three classes of

cyclones at T-24. However, significant differences are present at T-12,

as shown in Fig. 39, At 4°, the values of IFB for right-turning
cyclones are all negative below 200 mb while left-turning cyclones have

values of IFB decreasing with height, changing from stromgly positive to
strongly negative. This means that for right—turning cyclones, a strong

cross current from left to right is present, This is exactly what
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Fig. 39, Same as Fig. 37 except for the front minus back wind-pressure
imbalance (Igg) defined im Eq. 36.

happens when a cyclone moves towards a trough and recurves 12 h later,
The low to middle level flow is from right to left for left—turning
¢yclones, thus giving the positive values of IFB' At 300 and 200 mb,
the flow in front of the cyclone is actually anticyclomic, producing a
negative an/dt. Therefore, the value of IFB becomes negative,

At turn time T, 4° front and back height data are only available
for straight-moving cyclones. No comparisons between data sets can
therefore be made, However, based on the results for the left-right
imbalances, ore might speculate that the front-back imbalances at turn

time might not be very different between data sets.
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The main conclusion from these results is that the envirommental
flow conducive to a directiomal change of a cyclone is present 12 h
before the cyclone actually turns. Such an environment perturbs the
wind-pressure balance that is present in the cyclone, not only between
the left and right sides but also between the front and back areas of
the cyclone, This perturbation then sets up radial accelerations in
such a way as to adjust the cyclome to a quasi-balance condition.

From a forecasting point of view, the imbalance created by the
environmental flow might be used to predict a 24 h change in the
direction of movement of a cyclone. Of course, this has to be verified
with many individual cases, However, this would require data in four
areas of the cyclome (front, left, back and right, corresponding to
Octants 1, 3, 5, and 7 respectively in Fig. 4) at 3 radii. At present,
this is hardly possible., It appears, therefore, that some effort shounld
be devoted in acquiring wind and pressure dates at these locations,
Then, some objective empirical schemes could be developed.

3.6 Summary

This chapter demonstrates, from both a simple thecoretical treatment
and observations, the presence of a wind-pressure imbalance when the
vortex circulation and its surrounding flow are superimposed upom each
other. Such an imbalance is found to be related to the speed of the
cyclone, Any change in the envirommental flow would cause a new
imbalance,

In the next chapter, analyses of the vorticity budget of tropical
cyclones will be presented. These results, combined with the ones in
this chapter, form the basis for establishing a hypothesis of the

physical processes responsible for cyclone motion,



CHAPTER 6 - VORTICITY BUDGETS OF TROPICAL CYCLONES

6.1 Introduction

The analytical study of the vorticity budget presented in Chapter 4
indicated the importance of determining the vorticity change in
describing cyclone motion. Even though the terms involving vertical
motior were neglected, it was possible to use these theoretical results
to explain some of the observations presented in Chapter 2. IThis
chapter will present calculations of the vorticity budget using various
data sets. These observational results demonstrate the general validity
of the amalytical results.

Two types of data will be analyzed. The first is the flight data
described in Chapter 5, Since only single-level observations of the
radial and tangential winds are available, those terms involving
vertical motion will again have to be neglected. Nevertheless, the
results do point to the significance of the horizontal terms in the
vorticity equation in understanding cyclone motion., Equation 9 is used
in this part of the calculation,

Composite data sets {described in Chapter 2} that relate to the
speed of cyclone movement were also analyzed, Since these include data
at all levels in the troposphere, the vertical motion can be calculated
kinematically. Therefore, the full vorticity equation (Egq. 8) was used.
The results show the relative insignificance of the terms involving

vertical motion at radii > 2° latitude from the cyclone center.



145

Similar calculations were also made using the turning motion data
sets used by Chan et al. (1980), Since data are available at more than
one time period, the actual time rate of change of vorticity can be
computed, Areas of maximum vorticity change can then be compared to the
various terms in the vorticity equation to determine the relative
importance of each term.

6,2 NHRL Flight Data

This is the same data set used in the last chapter {(See section
5.3.1). Calculations of the various terms in the vorticity equation
require a very good data coverage because gradients of the winds and
vorticity are required. No one single flight has enough azimuthal
coverage to allow such computations to be performed, Therefore,
composites have to be made,

6.2.1 Method of Compositing

A large variability in the imner core (radius ¢ 200 km) structure
of the vortex exists among different cyclones, Therefore, a composite
with reference to the cyclone center would not yield very satisfactory
results, A better way to composite the data is to use the radius of
naximum wind (RMW) as the reference. Observations can then be
composited on either side of the RMW., This methcd has been shown by
Shea and Gray (1973) to be far superior tc a composite made with respect
to the cyclone center.

Therefore, the data were composited using the radius of maximum
wind as reference. The composite grid is similar to that in Fig. 4,
with eight octants and a radial grid distance of 2.5 n mi, Each radial
leg was assigned to one of the eight octants according to its azimuth

relative to the direction of cyclone movement, At each pressure level,
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radial and tangential winds of all radial legs belonging to the same
octant at the RMW and on either side of it (from -15 n mi to +30 n mi)
were then averaged. The mean RMW is also calculated. This procedure
was repeated for all the eight octants., Because the mean RMW may differ
slightly among the octants, anéd a common reference is necessary in order
to calculate the derivatives of radial and tangential winds, the mean
RMW of all the eight octants are averaged to give an octant-mean RMW for
a particular pressure level.

Because the flights were made at various levels, it is not possible
to composite the radial legs at each level, Instead, the data falling
within one pressure layer are averaged. These layers are the same as
the ones used by Shea and Gray (1973), Figure 40 shows the combination
of levels used by them. In this study, only the 5-level storm is used.
However, because of the relatively small number of flight legs at 240
mb, the data at this level were not included.

Near the center of the cyclome the curvature vorticity (v/r) is
very significant. Since the composites are made with reference to the
EMW, rather than absolute radius, the values of relative vorticity, will
be meaningful only if cyclones with similar RMW are composited together,
To decide on the composite grouping of cyclones based on the RMW, a plot
of the distribution of the mean RMW for all flights was made, as shown
in Fig. 41. The distribution appears to be tri-modal, with peaks at 12,
22 and 35-40 n mi. The number of cases with RMW > 30 n mi is not large
enough to produce a meaningful composite. Therefore, two
stratifications were made: those with RMW in the range 10-15 n mi (the
"small” cyclones) and those in the range 20-25 n mi (the "Jarge"”

c¢yclones).



147

5 LEVEL 3 LEVEL 2 LEVEL
STORM STORM STORM
40,000} 12
~ 240 mb. (41)E ~240 mb. (41} E ~ 240 mb. (41) E
35,000

30,000

3
e a
3 25,000 G
= o
|_ S
-
= w
. 20,000 dg w
% ~525 mb.(74) D 8
w w
W 15,000} ~ 610 mb. (231)C +D le &
e ) ) o
o ~650 mb, (157} C
n ~705 mb.{(4927
10,000 A+B+C+D
~750 mb. (200) B 8
5,000 ~785 mb. (261) A+B
}~900mb.(6|)A 1°
1,500
Fig. 40. Distribution of radial leg data in the vertical for five,

three and two level mean storms,
the number of radial legs in each layer average.

The number in parentheses is

The pressure

level is the level which the data best represents (from Shea

and Gray, 1973).
is nsed.

In the present study, only the 5-level storm



148

*(9L6Y) ®oY§ pue ABIH WOIJ PIUIBIQO 0XB
BIBD 0S9YJ “UOFSSTW YO8 U0 SIO[ [BIPBI oYl [I® JO MWY Uwow o3 ST MWY ©Y} pu® uworssyw 31y3rIy suo
sjuosoxdox os®o gwoevyg °*®IBP IYSTITJ TUHN 9Y3 I0F (MWY) PUTA URWIXEW JO SNTpeI o4} JO UOTINATIISTd T+ "Frd

(1W'U) PUIM WNWIXDW 4O SNIpOY

s e o s & @ @ g o S 0
412

=

o

O

- L - 1®..W

@

L wn
- B
= — <0l




149

6.2,2 Results

The number of radial legs for both stratifications is the largest
at 750 mb, Significantly fewer number of cases are available at the
other three levels. Therefore, only the data at 750 mb were analyzed.

Figure 42 shows the relative vorticity advection for the two RMW
stratifications at 750 mb, Both cases have the area of maximum positive
advection in front of the c¢yclone and near the mean RMW, However, the
magnitudes of this vorticity advection in the small cyclone
stratification are about 4 times that in the large cyclone group. This
is because the vorticity and the vorticity gradient are much larger in
the small cyclome group. In addition, the radial winds are more
positiée in this stratification, The advection by the tangential winds
appears to be generally less significant in both stratifications,

The other term in the vorticity equation that was computed is the
divergence term (— (Z+f){/- W). Results are shown in Fig. 43, In the
small cyclone group, because the divergence and the vorticity are both
larger than in the other group, the magnitudes of the divergence term
are also larger, The divergence term is generally negative in the front
in both cases because the radial winds in this area are divergent.
However, the sum of this and the relative vorticity advection terms,
(which gives an estimate of the local change of relative vorticity) is
still positive in fromt of the cyclone, as can be seen from Fig. 44,
This suggests that, indeed, the movement (at least the directional part
of it) of a cyclome is related to the local change of relative
vorticity.

One could argue about the effect of the vertical advection of

vorticity and the tilting terms on the net vorticity change at these
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0

Fig. 42, Horizontal advection of relative vorticity (in umits of
1078 s=2) at 750 mb calculated from composite NHRL data for
the two RMW stratifications, The dashed circle represents the
octant mean RMW., The arrow indicates the instantaneous
direction of cyclonme motion. The spacing of the grid is 5 n mi,
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20:<RMW=: 25 n.mi.

Fig. 43. BSeme as Fig. 42 except for the divergemce term (~(z+f)\/- ¥).
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IO< RMW< 15 n.mi.

0
20 < RMW <25 n.mi.

Fig. 44, Same as Fig, 42 except for the sum of the horizontal relative
vorticity advection and the divergence terms (that is,
- WVig - (g+6\- W),
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inner radii., Since the radial and tangential winds are fairly constant
with height up to ~ 500 mb around the RMW (Shea and Gray, 1973), the
vertical gradients of both these winds and the relative vorticity should
be small, Therefore, if the horizontal gradients of vertical motion is
not very strong (which is probably true from the scale analysis given in
Chapter 4), the terms involving the vertical motion may mot have a very
significant impact on the net vorticity change. Of course, this
assessment has to be justified with actual measurements of vertical
motion. Nevertheless, these and later results do peint to the
importance of computing the local change of relative vorticity in
determining cyclone motion.

Rawinsonde composite data available at larger distances (2 100 km)
from the cyclone center can also be used to study the relation between
the vorticity budget and cyclone motion. This type of data provide
information at different levels in the atmosphere so that vertical
motion and hence the vertical advection and the tilting terms can be
calculated. Results from these calculations will be preseanted in the
next two sections,

6.3 Rawinsonde Composite Data Sets of Cyclone Speed

1y

These consist of the fast- () 3 m s-l) and slow-moving (1-3 m s
cyclones in the west Atlantic and the fast (> 7 m s_l), moderate (4-7 m
shl) and slow (1-3 m s_l) speed cyclones in the northwest Pacific
studied in Chapter 2 (see Tables 1 and 2)., Before the results are
presented, the method of calculation will be described.

6.3.1 Date Handling

Although the compositing procedure described in Chapter 2 reduces

the amount of noise inherent in the data, calculations of gradients (of
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winds and vorticity) require rather smooth data fields especially when
the grid points are so widely spaced (see Fig. 4 for the grid size).
Therefore, a smoothing roumtine available from the Natiomal Center for
Atmospheric Research is applied to the composite radial and tangential
wind fields. This routine uses a bicubic spline and fits a smooth
surface to a two-dimensional data field. Various degrees of smoothness
canl be chosen by defining the number of nodes along each axis. Since
the purpose here is to reduce the noise in the data further but at the
same time retain as much of the 'real’ information as possible, the
least amount of smoothing is used. This is accomplished by setting the
number of nodes along each axis to be 9, the highest number allowed in
the routine, From the functional form of the smoothed surface, values
of the parameter can be computed at any point within the domain. This
will provide estimates of the parasmeter at grid points where no raw
information was available, These estimates are essential in the
calculations of gradients when the method of finite—differencing is
used, WUsing this routine, the composite radial and tangential winds at
each pressure level are smoothed,

The smoothed radial winds are then mass—balanced. Together with
the tangential wind, the horizontal divergence c¢an be calculated., If
the vertical motion is zero at the surface and at 100 mb, then the
divergence should integrate to zero between the surface and 100 mb.
Usually a slight residual remains, This residual is then subtracted
from the divergence at each level so that the condition of zero net
tropospheric divergence is satisfied., Then, the vertical p—velocity can

be calculated from the continuity equation in isobaric coordinates.
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With the Coriolis parameter calc¢ulated in the way described in
section 5.4, all terms in the RHS of the vorticity equation (Eq. 8) can
be evaluated using finite differencing. The radial gradient is
calculated using a finite difference of 4° latitude (+ 29, except at 2°
latitude where a 2° latitude difference (between 4° and 2°) was used.
With the aid of the smoothing routine, values of the radial and
tangential winds can be interpolated at points in between the standard 8
octants shown in Fig., 4. In this way, an azimuthal gradieat of 45° (+
22.50) can be evaluated, The sum of all the terms on the RHS of Eq. 8
(except for the frictional term Z) will be called the residual R, that

is,

R = - WEH) ~ (- W - o 25 + (22 2o _ 3V du,

ap {57)

where the symbols have been defined in section 4,2, The residual R
therefore represents the local change of relative vorticity plus all the
sources and sinks of vorticity suck as friction and sub-grid scale

effects. That is,

R = 2&, [ sources and 1

at sinks of vorticity

6.3.2 Calculations of the Residual

An examination of the results from all the five speed composite
data sets (two in the west Atlantic and three in the northwest Pacific)
show that the largest differences between data sets occur at 2° and 4°
latitude radius, Therefeore, comparisons will only be made for these

radial bands,



156

Figure 45 shows a pressure—azimuth cross—section of the residual at
2% latitude radims for slow- (1-3 m s—l) and fast—moving (> 3 m s—l)
¢yclones in the west Atlantic. In both cases, the residual is generally
positive in front of the c¢yclone {(azimuth between 335°-45°) and negative
behind it (azimuth between 135°-225°) at the levels of c¢yclonic flow
(below ~ 250 mb)., At the upper levels, it is generally negative.
Comparing the two stratifications, the fast-moving cyclomes have a much
larger residual (both in front and behind) than those that are slow—
moving. Also, the maxima (both positive and negative) are well-defined
in the mid-troposphere (500-700 mb) in fast-moving cyclones. In the
slow-moving cyclones, the maxima occur in the lower troposphere.
Similar, though weaker, differences in the values of the residuals
between the two stratifications at 4° radius can be seen in Fig, 46,

In section 4.2, it was mentioned that the speed of a cyclome is
related to the ratio of the maximum vorticity change to the radial
gradient of relative vorticity (Eq. 20). TIf these two groups of
cyclones have similar intensities, the radial gradients of T would be
similar and one would expect fast-moving cyclones to have a larger
dL/oat. This, in fact, is the case from these results, if the residuzl
is a good representation of 8%/3t, which will be shown to be true
later, These calculations thus verify that the local change in relative
vorticity is very much related to cyclone motion,

Figure 47 shows the residual at 2° for the three speed composite
data sets in the northwest Pacific. In gemeral, the faster the cyclomne
is moving, the larger is the magnitude of the residual. These results
are in agreement with those in the west Atlantic. Also, notice that

fast-moving c¢yclones have positive and mnegative residunals extending
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through a very deep layer of the troposphere, For moderate—speed
cyclones this phenomenon is less obvious. For slow-moving cyclones,
positive values of the residual are present above negative values in
front of the cyclomne., Xu and Gray (1982) pointed ocut that flow fields
around slow—moving cyclones are weak and have different directions at
different levels in the lower to mid-troposphere., The latter would
cause different vorticity advection, and hence different residual,
patterns at different levels., On the other hand, fast-moving cyclones
have environmental flows that have similar directioms at all levels up
to the ouflow layer. The areas of maximum vorticity advection would
therefore tend to be stacked in the vertical. The results presented
here agree very well with their observations.

The residuals at 4° for the three cases of cyclones in the
northwest Pacific are depicted in Fig. 48. They show patterns similar
to those at 2°, Fast-moving cyclones have the largest residumal, while
the weakest residuals occur with slow—moving cyclomes.

Comparing west Atlantic and northwest Pacific cyclones, the latter
have, in gemeral, stronger residuals for the same speed. This is
because cyclones in the northwest Pacific are usually stronger in
intensity than those in the west Atlantic. Therefore, for the cyclones
moving at the same speed, the local change of relative vorticity is
larger.

6.3.3 Relative Importance of Various Terms in the Vorticity Equation
The residual R computed using Eq. 57 represents the sum of the
local change of relative vorticity 87/dt, the frictional effects Z and
any "sub-grid"” effects that cannot be resolved by the grid point data

used in the calculations, The last two effects are difficult to
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estimate. However, 83/dt can be estimated by moving the composite
vortex with the mean speed of the composite for a short time and then
calculating the change in % at each grid point, with the assumption that
the intensity of the c¢yclone is in steady-state. The 8C/3t calculated
this way can then be compared with the residual R,

As discussed in Chapter 4, the azimuthal position of maximum 4L/t
varies with the amount of convergence, the presence/absence of a cross—
wind, the variation in speeds of the envirommenmtal flow, etc. In the
speed composite data sets studied here, no consideration was given to
these conditions when the cases were selected. Therefore, it would not
be meaningful to study the various parameters at one azimuthal locationm,
However, if the values of these parameters are averaged for the three
azimuthal locations in fromt of the cyclone (that is, octants 2, 1 and 8
in Fig, 4), those variations among individual cases mentioned earlier
might be averaged out and the comparisons will provide some insight into
the importance of the various terms in the vorticity equation.

Figure 49 shows the average between octants 2, 1 and 8 (azimuth
between 335°-45°) at 2° latitude radius of all the terms in the
vorticity equation, including the estimated local change of relative
vorticity at various levels for slow and fast-moving cyclones in the
west Atlantic. In gemeral, the tilting and vertical advection terms are
relatively small and have opposite signs. They both have maximum values
at ~300-400 mb where the mean vertical motion is the strongest. The
divergence term appears to be very important in both the upper and lower
troposphere. However, in the mid-troposphere, the most dominant term is
the horizontal advection of absolute vorticity. The estimated local

change in relative vorticity has magnitudes very similar to those of the
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residunal in the middle levels. In the upper troposphere, because of the
divergence term, the value of R far exceeds that of the estimated local
change, This suggests that in the mid-troposphere, the frictional and
sub-grid effects are not very important while at the upper levels, they
are very significant, acting as an additional vorticity 'source'. This
result is in gqualitative agreement with Lee’s (1982) computations of
sub-grid scale effects for tropical cyclomes. In general, all the terms
in fast-moving cyclones are larger in magnitude than those in slow—
moving cyclones,

Similar results are obtained at 4° latitude radius, except that the
magnitudes are smaller, as shown in Fig. 50. Notice that in the mid- to
lower troposphere, both the tilting and the vertical advection terms are
negligible, This, therefore, justifies the dropping of these two terms
in the analytical study presemted in Chapter 4.

These results clearly demonstrate the relation between the
vorticity budget and cyclone motion. By computing the residual using
Eq. 57, one can get a very good estimate of the local change of relative
vorticity, at least in the mid-troposphere. Here, the most important
contribution to the residual is the horizontal advection of absolute
vorticity. This, of course, is the basic assumption in barotropic track
prediction models (see for example, Sanders and Burpee, 1968; WMO,
1979). These results give a general verification of this assumption.
However, forecast models that use a deep tropospheric mean flow might
not be as appropriate as the middle level data because the horizontal
vorticity advection and the local vorticity change terms differ very

much below ~800 mb and above 300 mb.
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The vertical variations of the terms in the vorticity equation for
northwest Pacific speed composite cyclomes at 2° latitude radius are
shown in Fig. 51. 1In gemeral, all terms have a larger magnitude
compared with those for west Atlantic cyclones. The tilting and
vertical advection terms are also relatively small. The divergence term
for slowmoving cyclones varies considerably in the vertical,
contributing to a large variation of the residual. However, the
horizontal advection of absolute vorticity still provides a good
estimate of the local change of relative vorticity in the mid- to upper
troposphere. The moderate¢ and fast speed cyclones have smoother
profiles of the divergence term. Nevertheless, the horizontal advection
term is still a better estimate of the local change than the residual.
The existence of such differences between the local change of relative
vorticity and the residual for northwest Pacific cyclones suggests the
importance of sub—grid scale effects at this relatively close distance
from the cyclone center. The presence of such apparent vorticity
sources and sinks are not as obvious in west Atlantic cyclones, except
in the upper troposphere. This is probably because northwest Pacific
tropical cyclones are, in gemeral, bigger and stronger so that sub—grid
scale effects at around 2° latitude radius are important,

At 4O latitude radius, the curves are relatively smoother, as shown
in Fig. 52. Now, the residual approximates the local change in relative
vorticity very well in the mid-troposphere for all the three cases.

This apparently is a result of the diminishing effect of the divergence
term. For fast-moving cyclones, a large difference between R and ai/dt

still exists in the lower troposphere,
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The profiles of the various terms in the vorticity equation for
speed composite data sets in the two ocean basins are remarkably
similar, This lends confidence to the validity of these results. They
appear to demonstrate the usefulmess of estimating the local change of
relative vorticity through the calculations of the residual, at least in
the mid—troposphere. These results also point to the predominance of
the horizontal advection term in determining the local change in
relative vorticity at middle levels. Since the local change of relative
vorticity increases with cyclome speed, these calculations suggest the
possibility of relating the vorticity tendency to cyclone speed.

As pointed out earlier, it is not possible te study the terms in
the vorticity equation at one azimuthal location for these data sets
because the cyclone speed is the only criterion used in their selection,
However, the turning motion data sets of Chan et al. (1980) have well-
defined directional changes, Therefore, it should be possible to
analyze the terms in the vorticity equation at differemt azimuths,
Section 4.6 has shown that very significant differences in the local
change of relative vorticity between the front left and front right
octants exist when different cross—wind profiles are present, The next
seotion will show from observations that this is indeed the case.

6.4 Turning Motion Data Sets

These are the same data sets studied in section 5.5 and by Chan et
al. (1980), The results in section 5.5 seem to suggest the presence of
conditions in the enviromment that are conducive to a directional change
of a cyclone at 12 h before such a change takes place, It is therefore

of great interest to analyze the vorticity budget at this time (T-12) as
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well as at the turn time T. The smoothing scheme discussed in section
6.3.1 was also applied to these data sets,

Since the relative vorticity can be calculated at each time period,
the local change in relative vorticity (8%/8t} between T-12 and T can
be easily derived using the method of graphical subtraction, The level
that shows the best correlation between this local change and subsequent
c¢yclone motion is 500 mb. Results are shown in Fig. 53. Two positive
maxima of 37/9t are present near the center of a left—turning cyclone,
one situated in front and the other to the left. The largest negative
maximum occurs between octants 5 and 6 (rear and right-rear,
respectively). For straight-moving cyclones, the positive maximum is in
froat of the cyclone and slightly to the right of the direction of
cyclone movement at time T. Right-turning cyclones clearly have a
maximom local change of relative vorticity to the right fromt of them.
These results are consistent with the analysis made in the theoretical
study described in sectiom 4.6.

Since the local change in relative vorticity occurs between T-12
and T, the environment mus£ bave induced such a change at some
intermediate time between these two time periods., To find ouwt which
processes are important im producing the local change, one would need to
know the flow field at that intermediate time, Since this is not
possible, the best alternative is to analyze the flow field at time T,
This would tend to overestimate the local change because the 3%4/9t
derived from the graphical subtraction of the relative vorticity fields

can only be considered as the time average during those 12 h while that
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Fig. 53. The 12 h local change in relative vorticity (in units of
1076 571 a~1) 4t 500 mb between turn time (T) and
12 h before turn time (T-12) for turning and straight—
moving cyclones in the west Atlantic. The arrow indicates
the instantaneous direction of cyclone movement. The grid
spacing is 2° latitude (222.2 km).
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calculated from the flow field at turn time is the instantaneous, and
probably maximum, value.

Plan views of the horizontal advection of absolute vorticity at 500
mb and turn time T for the three classes of c¢yclones are shown im Fig,
54, Inside 40 latitude radius, left—turning cyclones have maximum
horizontal vorticity advection to the left front while such a maximum
occurs on the right front side for right—turning cyclones. Straight—
moving cyclones have two positive maxima, one on each fromt side of the
cyclone as well as a large positive area in front of the cyclome. The
positive area in the turning cases is much smaller and more
concentrated., The advection of the earth’'s vorticity is munch smaller
than that of the relative vorticity at both 2 and 4° latitude radius.

Such vorticity advection patterns are a result of the distribution
of relative vorticity, which is shown in Fig. 55. For left—turning
cyclones, the maximum relative vorticity is in front of the cyclone,
Therefore, a cyclonic tangential wind would tend to advect the vorticity
to the region left of the present cyclone direction., In addition, a
positive radial wind would also give a maximum advection in this area,
Straight-moving and right-turning cyclones both have maximum vorticity
at the right hand side., However, the gradient of relative vorticity is
a maximum to the right fromt of right-turning cyclones while the
strongest gradient for straight—moving cyclones is in the front.
Therefore, radial advection of relative vorticity would result in the
observed advection patterns in Fig. 54.

The other term that might contribute significantly to the local
change in relative vorticity is the divergence term. Plan views of this

at 500 mb are shown in Fig. 56. For left—turning cyclones, this term is
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Fig., 54. Horizontal advection of absolute vorticity (in absolute
vorticity (in units of 1076 s~1 ga-1) a¢t 500 mb
and turn time (T} for turning and straight-moving cyclones
in the west Atlantic. The arrow indicates the instantaneous
direction of cyclone movement, The grid spacing is 2°
latitude (222.2 km).
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Fig, 55. Samg aleig. 54 except for the relative vorticity (in units of
1070 1),
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Fig. 56. Same as Fig. 54 except for the divergence term (-(Z+f){/- V).
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negative to the left—front but is weaker than the advection term.
Therefore, the net effect would still be positive, giving the local
change pattern in Fig, 53, Right—turning cyclones have positive valunes
to the right front and thus cooperate with the advection term to produce
4 maximum positive local change in this area. The divergence term is
generally negative for straight-moving cyclones. This almost
"equalizes’” the positive contribution of the advectiom term, However,
at 700 mb, the advection term is much larger than the divergence term,
giving a net positive contribution (not shown)., Therefore, straight-
moving cyclones might actually be affected by the flow at a level lower
than that for turning cyclones.

These results clearly suggest the link between local change of
relative vorticity and a change in direction of cyclone movement.
Again, as in the last section, the horizontal advection of relative
vorticity is the main contributor to this local change with the
divergence term playing a secondary role. The tilting and vertical
advection terms, although not shown here, tend to be small,
6.5 Summary

The results presented in this chapter &ll point to the importance
of calculating the local change of relative vorticity in the
determination of tropical cyclone motion. They also suggest that the
best way to estimate this local change in the mid-tropposphere is to
compute the heorizontal advection of relative vorticity. The basic
question, however, still remains, That is, how does the cyclone respond
to a local change in relative vorticity and move towards the area with a

positive maximum? This will be addressed in the next chapter.



CHAPTER 7 — PHYSICAL PROCESSES RESPONSIBLE FOR CYCLONE MOTION

7.1 Review of Previous Results

In Chapter 4, an analytical study of a simplified, divergent,
barotropic vorticity equation on a B-plane was presented. The results
suggests a possible relationship between the local change of relative
vorticity and tropical cyclone motion., These model results also helped
explain some of the observational findings in Chapter 2, Vorticity
budgets computed from composite flight and rawinsonde data around
tropical cyclones (Chapter 6) confirm the link between vorticity
tendency and cyclone motion,

Chapter 5 gives a different perspective of cyclome motion. The
balance between the centrifugal, the Coriolis and the pressure—gradient
forces when an envirommental flow is superimposed onto the vortex
circulations was investigated. Observations demonstrate the existence
of a wind-pressure imbalance that was also predicted from a simple
theoretical treatment. Such imbalances appear to be related to cyclone
speed as well as changes in cyclone direction.

Since the results obtained from these two approaches (vorticity
tendency and wind-pressure imbalances) are both related to cyclone
motion, a physical link must exist between them. In the remaining
sections of this chapter, such a link will be discussed in terms of a
hypothesis of the possible physical processes involved in cyclone
motion, This hypothesis will be verified using the turning motion data

sets studied in Chapters 5 and 6.
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7.2 A Physical Hypothesis

In Chapter 5, it was shown that the wind-pressure imbalance
increases with the speed of the cyclone, In Chapter 6, the local change
of relative vorticity was also found to increase with cyclome speed. It
is hypothesized that these two processes are physically linked in the
following way. Air parcels on the right hand side (RHS) of a cyclone
with trajectories like the ones portrayed in Fig. 33 will tend to bring
the vorticity towards the front of the cyclone., The stronger the
imbalance, the farther to the front will these air parcels travel before
beirg forced back. In this way, the increase in vorticity will be at a
greater distance and over & larger area in front of the cyclone., Since
the speed of & cyclone is given by the ratio of the local increase in
vorticity to the radial vorticity gradient, a maximum increase at a
location that is fartﬁer awvay from the present position of the cyclone
(and hence weaker vorticity) would give a2 larger ratio and hence a
larger vortex speed. Therefore, the superposition of the environmental
and vortex flows can be viewed as providing a mechanism for the incresase
in vorticity in front of the cyclone.

In the case of cyclones that change direction under the influence
of a cross-wind, a new wind-pressure imbalance between the front and
back of a cyclone was found to be present. The trajectories of air
parcels are more complicated. However, they will probably be altered in
such a way as to allow an increase in relative vorticity to take place
in the future directior of the cyclone in a manner described above,

So far, it has been established that the movement of a cyclone is
closely related to the area of positive maximum #L/38t. This local

increase can be explained in terms of the trajectories of air parcels as
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described above or the different terms in the vorticity equation as
discussed in Chapters 4 and 6, The question that still remains is: how
does this local change in relative vorticity actually cause the cyclone
to move? A physical mechanism will now be proposed.

Because of the increase of relative vorticity, the circulation in
this area would tend to spin up (that is, an increase in the tangential
wind) more than that in other parts of the cyclome., Since this spin-up
occurs over a relatively small area, as evidenced by the results in
Chapter 6, the theory of geostrophic adjustment (see for example,
Schubert et al., 1980) requires that the mass field adjusts to such a
wind perturbation. The most efficient way for the mass field to adjust
to this imbalance is through subsidence. The subsiding air then
adiabatically warms the air column around the area of maximum spin up.
The warming would lower the surface pressure and create a new low
pressure center with cyclomic circulation, Therefore, it appears that
the center of the cyclone does not move in the physical sense but rather
"propagates”, with new centers of circulation continually formimg in
the area of maximum positive 3i/ot. In other words, the tropical
cyclone does not appear to move like a solid cylinder being "pushed”
along by the envirommental flow. Rather, the eye wall cloud continvally
forms around a new center of circulation and dissipates around the ‘old’
center or eye, Gray and Shea (1973) also speculated the formation of
the eye of a tropical cyclomne as a continual process of ventilation of
air within the eye and the subsequent sinking and warming of air in the
direction of the cyclomne motion.

The forced subsidence suggested in this hypothesis would imply

divergence (convergence) in the lower (upper) troposphere. This would
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lead to a spin—down (spin-up) in the lower (upper) troposphere from the
vorticity equation, an unfavorable coandition for maintaining the
tropical cyclone, Therefore, the horizontal advection of absolute
vorticity must be able to overcompensate this loss (gain) in relative
vorticity due to the stretching process, In view of this
'complication’, the chain of events that lead to the eventual
propagation of a tropical cyclone may be like the one described below
and schematically portrayed in Fig. 57.

The superposition of the vortex and environmental flows, and the
effect of the differential in the Coriolis parameter across the cyclone
cause an increase in relative vorticity in one area of the cyclone as a
result of the advection of absolute vorticity. This vorticity advection
can be viewed from the kinematic trajectory perspective or from the
dynamic perspective of the 'coupling' of the wind and the absolute
vorticity gradient, In either case, the increase in relative vorticity
would lead to an imbalance between the wind and pressure fields, The
atmosphere tries to restore balance through subsidence. This forced
subsidence gives rise to two processes: 1) it adiabatically warms the
air column and lowers the surface pressure, and 2) the divergence
associated with it spins down the vortex in the lower troposphere. This
second process would reduce the increase in relative vorticity due to
the advection of absolute voxticity. However, the advective term is
usually greater than the divergence term (see the discussion in section
6.4) and therefore the result is still a net increase in relative
vorticity. This net spin up creates the new wind center and the

lowering of the surface pressure caused by process (1) described above
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produces the new pressure center. Thus, the vortex is seen to have
moved when in fact it has 'propagated’.

The best way to demonstrate the validity of this hypothesis is to
study the vertical motion patterns as a fuanction of time and compare
them with the time variation of the direction and speed of a cyclone.
This is, of course, impossible at this stage because of the lack of
observations of vertical motion, The next alternative is to analyze the
composite data. However, one has to be very careful with such an
analysis. This is because cyclones move in a myriad of directions and
speeds. A composite that might be able to resolve this type of physical
processes has to consist of cyclones having very similar track
characteristics. The best data set available is that relating to
turning motion which has been extensively studied in Chapters 5 and 6.
Although cyclones in each class might not be traveling at exactly the
same speed, the difference in speed is not very large. More
importantly, they all had a significant change in directioa. This
should enhance differences in vertical motion fields between the data
sets,

7.3 The Physics of Turning Motiom

In section 6.4, it was shown that the maximum local change of
relative vorticity is to the left—front for left-turning cyclones and
right—front for right-turning cyclones. Therefore, the wvertical motion
profiles in these two areas (octants 2 and 8 respectively, see Fig. 4)
will be compared.

These profiles at turn time at 2 and 4° latitude radius are shown
in Fig. 58. Imn octant 2 (left—front), both left-turning and straight-

moving cyclones have downward vertical motion while right—turning
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cyclones have rising motion. The opposite is true in octant 8 (right-—
front). The profiles are very similar at 2 and 4° latitude radii, with
the ones at 4° having smaller magnitudes. These profiles correspond to
what the present physical hypothesis would suggest. Straight-moving
cyclones appear to have a tendency to move leftward of the present
direction, since their vertical motiom profiles are similar to those of
left-turning c¢yclones.

These results also bring up another interesting point. On the side
which the cyclone is not twrning into, upward motion exists. This
implies convection is probably more prevalent in this area. On the
other hand, the side into which the cyclone is turning has subsidence,
suggesting a reduction in convective cloudiness, Therefore, a
comparison of the amount of convection between the left and right sides
of a cyclone might provide some clues as to the future direction of
movement of the cyclone. This, in fact, has been proposed by Lajoie
(1976) from analyses of satellite pictures,

As discussed in the last section, the vertical motion profiles in
Fig. 58 must be accompanied by different divergence profiles. These are
shown in Fig. 59. In general, divergence (convergence) exzists at lower
(upper) levels in the area which the cyclone is turning into (octant 2
for left—turning and octant 8 for right-turning) while in the other
area, the reverse is true., The divergence in the lower troposphere in
the area which the cyclone is turning into would produce a spin down.
Such a spin down is compensated by the advection term so that the net
effect is still a spin up of the region, This has been discussed in the

last section,
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These results appear to demonstrate the validity of the hypothesis
proposed in the last section, They also provide the basis for a model
to explain the physical processes involved with changes in the directicn
of c¢yclone motion, At 12 h before any such changes occur, the cyclone
moves into an enviromment which has a ¢ross—wind component, This
modifies the trajectories of air parcels and the vorticity advection
patterns, resulting in the maximum vorticity temdency in the next 12 b
to be at an angle to the present direction of cyclone movement, Such a
vorticity change perturbs the wind field, forcing the mass field to
adjust through subsidence. The subsequent warming then lowers the
surface pressure and eventuaslly forms a new circulation center, The
tropical cyclone will therefore be observed as "turning” while in fact

the center starts to propagate in a new direction,



CHAPTER 8 — CONCLUSION

8.1 Summary

This study is an attempt to understand, from both observational and
theoretical approaches, the physical processes responsible for tropical
cyclone motion. To provide an observational basis for such a study, the
relation between the synoptic—scale flow around tropical cyclomes and
cyclone movement was first established. It was found that in the
Northern Hemisphere, cyclones generally move to the left of and faster
than their surrounding flow while cyclones in the Somthern Hemisphere
tend to move more to the right of this flow. These general results are
in agreement with previous steering flow studies (George and Gray, 1976;
Gray, 1977; Brand et al., 1981; etc.). Cyclones having a large zonal
component ¢f motion, however, behave somewhat differently. Westward—
moving cyclones in the Northern Hemisphere move more to the right of
their envirommental flow than an average cyclone does., Eastward-moving
cyclones, on the other hand, move more to the left of their
environmental flow than an average cyclone does, The opposite is true
for cyclones in the Southern Hemisphere,

A review of previous theoretical and numerical studies suggests the
potential significance of the vorticity budget in determining cyclone
movement. These studies also point to the importance of the latitudinal
variation of the earth’s vorticity in c¢yclone motion, To investigate
farther the contribution of each term in the vorticity equation to the

vorticity tendency, an analytical study of the vorticity budget was
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made. Starting with simple cases, the importance in tropical cyclone
motion of the differential in the earth’s vorticity across the cyclone
was established. This observation was first made by Rossby (1948)
although the physical processes he suggested appear to be incorrect,
Other researchers also arrived at the same conclusion (for example, Adem
and Lezama, 1960; Kasahara, 1957; Anthes and Hoke, 1975; Holland, 1982;
etc,) based on the more physically reasonable explanation of the
advection of earth's vorticity by the vortex flow. The coupling between
the convergence/divergence of the vortex and the earth’s vorticity
differential was also found to be responsible for deflecting the cyclone
away from the direction of its environmental flow and moving it faster
than the speed of the mean flow. At the same time, the environmental
flow is instrumental in moving the cyclone along the direction of the
flow by advecting the vorticity of the vortex along. A combination of
these two effects produces a maximum local change of relative vorticity
at a location which corresponds to the generally observed cyclone
movement, assuming that the cyclone would move towards this maximum,
This result was also obtained by Holland (1982) using a slightly
different approach, This physical idea is capable of explaining some of
the observed relationships (presented in Chapter 2) between cyclone
motion and its surrounding flow,

More complicated envirommental flows were then superimposed onto
the vortex. The resultant local changes of relative vorticity could be
used in explaining e drastic change in direction or speed of a cyclone.
These vorticity changes are again brought about by the interaction
between the vortex and the emvirommental flows with their associated

vorticity and divergence,
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The interaction between the environmental and the vortex flows was
further examined by computing the wind-pressure balance in the combined
flow., A simple theoretical analysis suggests the existence of a wind-
pressure "imbalance”., Such an imbalance would produce radial
accelerations of air parcels {on the left and right hand sides of the
vortex) that can be explained in terms of the trajectories of the air
parcels. In addition, the magnitude of this imbalance was found to be
proportional to the envirommental wind speed. This theoretical result
was tested using both aircraft data and rawinsonde composites, The
cbserved and predicted imbalances generally agree with each other, This
study was then extended to analyze possible changes in the wind-pressure
balance associated with sudden changes in the environmental flow using a
data set which dealt with the turning motion of tropical cyclones., The
results show the presence of an additional imbalance between the front
and back sides of the cyclone. This additional imbalance appears ~12 h
before the cyclone actually changes direction.

Before these results are linked to the vorticity changes, analyses
of the vorticity budget were made on various rawinsonde composite data
sets. The results generally verify the validity of the analytical study
described earlier, They show that the main contributors to the local
change in relative vorticity are the horizontal advection of absolute
vorticity and the divergence terms in the vorticity equation. In the
mid-troposphere, the advection term is usually much more predominant.
The tilting and vertical advection terms are generally mmch smaller.

The sum of all these terms appear to give a very good estimate of the

local change in relative vorticity in the mid-troposphere. This
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estimated local change relates very well to the speed and change in
direction of tropical cyclones.

Results of these observational analyses and the analytical study
establish a definite link between the local change in relative vorticity
with tropical cyclone movement. Combining this with the study of the
wind-pressure balance, the following hypothesis is advanced to describe
the possible physical processes involved in cyclone motion.

The basic movement of a c¢cyclone is a result of the
interaction/superposition of the envirommental and the vortex flows,
This interaction produces trajectories of air parcels in such a way as
to increase the vorticity in front of the cyclome. A different
perspective of the interaction suggests that the environmental flow
advects vortex vorticity to the fromt, Either process would produce a
net increase of relative vorticity in front of the cyclone and at an
angle to the directiom of the envirommental flow. The magnitude of this
local change depends on the speed of the environmental flow, the
convergence and vorticity present in the combined flow. The increase in
relative vorticity will cause the air in this area to spin up, forcing
the mass field to adjust through subsidence. The warming resulting from
the subsidence lowers the surface pressure and a new pressure center
forms. At the same time, the subsidence spins down the vortex and
reduces the increase in relative vorticity. However, the advection term
overcompensates such a spin down and the net result is still an inrease
in relative vorticity. This then leads to the formation of a mew wind
center. The tropical cyclone therefore "propagates” into this
position, Eye wall clouds continually form around the new eye and

dissipates around the ’‘o0ld’ center. The measurements of vertical motion
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and the proposed ventilation associated with it, as suggested by Gray
and Shear (1973), support this propagation view of cyclone motion,

A special case of this is the turning motion of tropical cyclones.
Observational evidence supports the above proposed hypothesis. At 12 h
before a change in cyclone direction, the environmental flow changes (in
fact, the cyclone moves into a region with a different flow pattern).
Such changes create new wind—pressure imbalances and produce a different
vorticity advection pattern, This results in a shift in the azimuthal
location of maximum increase in relative vorticity. The mass to wiad
adjustment process as a response to this vorticity increase then occurs
in the way described above.

Therefore, by combining observational and analytical results, a
hypothesis has been proposed to describe the possible physical processes
responsible for tropical cyclone motion., This hypothesis was tested
with the specizl case of turning cyclomnes and found to be valid, The
present study has thus provided a comprehensive evaluation of the
steering flow problem and the physics of tropical cyclone motion. It
points out that although the long-standing steering—flow comcept is
approximately valid in describing c¢yclone motion, it is not sufficient
in explaining the physical processes involved, The study of the physics
of cyclone motion had virtually stopped in the 1960's when emphasis was
shifted to the development of track forecast schemes. This paper can
therefore be considered as a mew attempt towards a more complete

understanding of tropical cyclone motion.
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8.2 Possible Future Research
8.2,1 Individual Case Study

One major disadvantage of the present study is the lack of
availability of date around tropical cyclomes. With the exception of
the aircraft data, this entire study is based almost exclusively on
composite rawinsonde data, Although this is inevitable due to the
sparseness of observations around tropical cyclomes, limitations do
exist in the interpretation of the results derived from the composites.
The question of how representative the composite data are in individual
cases often arises, The fact that results from different ocean basins
agree with one another and appear to be physically reasonable lends some
confidence to these individual rawinsonde composites, In addition,
these results are consistent with those predicted from theoretical
studies. Nevertheless, efforts should still be made to verify the
proposed hypothesis using individual cases. Attempts along this line
should be possible with the data obtained from the proposal by R. Burpee
of the National Hurricane Research Laboratory (AMS, 1982) to fly
research aircrafts around the periphery of individual cyclomnes and
obtain dropwindsonde measurements at closely-spaced intervals, Data
from these flights and the dropwindsondes will make it possible to
rerform computations for individual cyclones. Results can then be
compared with those from the composites,

The data from these future flights might also be tested for
forecasting potential, Results in Chapters 5 and 6 suggest the presence
of an enviromment conducive to a directional change of a cyclome 12 h
before such a change takes place. Such an environment produces a wind—

pressure imbalance between the front and back sides of the c¢yclome. The
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new dropwindsonde data might also be used to compute the radial
accelerations present in a cyclome which could then be compared with the
directional change of the cyclone. This might eventually provide
another aid in determining the funture track of the cyclone,

8.2,2 Relation of Cyclone Motion to Flows of Other Scales

The study in this paper deals with tropical cyclone motion on a
synoptic scale, No consideration has been given to the small scale
motions such as the trochoidal movement that is so often observed. The
results in this paper may provide some insight for a furture study of
these small scale motion features, This could be accomplished through
the use of radar observations and inner—core flight date with more
frequent 'eye—-fixes’, Such data are available from recent flights made
by the National Hurricane Research Laboratory. An understanding of the
phiisical processes involved in these small scale motions might then lead
to a better short-term forecast which is often critical in landfall
situations,

The sub-synoptic scale flow that interacts with the cyclone must
'originate’ from a circulation that is larger in scale. Xu and Gray
(1982) found significant relationships between the planmetary scale
circulation and cyclone movement, Through what physical processes do
these two types of flows "communicate®? This problem can be studied
using synoptic—scale rawinsonde data.

8.2.3 Numerical Modeling

The hypothesis proposed in the present study counld also be tested
with various types of numerical models. By imposing different
environmental flows, the time evolution of the vorticity budget and

other dynamic parameters can be studied,
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To conclude, although this study provides some new insights into
the problem of tropical cyclone motion, it has left a number of
questions uwnanswered. Speculations proposed in this study also need to
be verified. In addition, the problem of track forecasting still has to
be addressed. Therefore, the present study should only be considered as
a beginning and more research is essential in the understanding and

forecasting of tropical c¢yclone motion,
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