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ABSTRACT 

The dynamics of tropical cyclone motion are investigated by solving 

i ,  
the vergent barotropic vorticity equation on a beta plane. Two methods 
of solution are presented: a direct analytic solution for a constant 
basic current, and a simple numerical solution for a more general condi- 
tion. These solutions indicate that cyclone motion can be accurately 
prescribed by a non linear combination of two processes: 1) an interac- 
tion between the cyclone and its basic current (the well known steering 
concept), and 2) an interaction with the earth's vorticity field which 
causes a westward deviation from the pure steering flow. The nonlinear 
manner in which these two processes combine together with the effect of 
asymmetries in the steering current raise some interesting questions on 
the way in which cyclones of different characteristics interact with 
their environment, and has implications for tropical cyclone forecasting 
and the manner in which forecasting techniques are derived. 
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1. Introduction 

There has been a recent surge of interest and some controversy on 

the variation of tropical cyclone motion from that of the basic environ- 

mental flow, or steering current (defined as the residual after a mean, 

or predefined symmetric cyclone has been removed by various techniques). 

As Anthes (1982) has noted, observations indicate that Northern Hem- 

ispheric cyclones generally move to the left of, and slightly faster 

than the basic flow, whereas numerical modelling results seem to indi- 

cate that cyclones move to the right of the flow. The observed leftward 

motion deviation was first intimated by Hubert (1959) who interpreted 

the bias in a number of early barotropic forecasts as a predilection for 

the cyclone to move to the left of the geostrophic wind at 500 mb. Con- 

firmation was provided by George and Gray (1976) and Gray (1978) in an 

extensive rawinsonde compositing study which showed that cyclones typi- 

cally moved 15' to the left of, and 20% faster than the basic current, 

and more recently by Brand et al. (1981) and Chan and Gray (1982). Chan 

and Gray also provide evidence that cyclones in the Southern Hemisphere 

move to the right of the basic current. 

These observations seem to be at variance with the classical Rossby 

beta drift hypothesis and numerical modelling results incorporating sur- 

face friction. Rossby (1948) showed that a cyclonic vortex on a beta 

plane should experience a net poleward acceleration arising from the 

meridional gradient in coriolis force, or beta. This has since been 

amply confirmed by theoretical and numerical modeling studies by; for 

example, Adem (19561, Adem and Lezama (1960), Kasehara and Platzman 

(1963), Madala and Piacsek (19751, Anthes and Hoke (1975) and Kitade 

(1980). Yet, since cyclones typically track westward, this poleward 



J 
d r i f t  should produce a d e f l e c t i o n  t o  t h e  r i g h t  of the bas i c  cu r ren t  (o r  

l e f t  i n  the Southern Hemisphere) not  t o  the  l e f t  ( r i g h t )  a s  has been 

observed. Fur ther  complications have been introduced by Kuo (1969) and 

Jones (1977) who showed t h a t  su r face  f r i c t i o n a l  drag w i l l  a l s o  cause a 
I 

cyclone t o  move t o  the  r i g h t  of the  bas i c  current .  

I n  t h i s  paper we at tempt t o  so lve  t h i s  dichotomy and provide an 

explanat ion f o r  the observed motion. To do t h i s ,  we use a modified 

Rankine vor tex  which is  superimposed on an inva r i an t  bas i c  s t a t e  flow, 

then der ive  the  vor tex  motion from the  vergent  barot ropic  v o r t i c i t y  

equation on a be ta  plane. By using t h i s  s impl i f ied  approach we a re  able  

t o  d i r e c t l y  der ive  r e l a t i o n s h i p s  between the  cyclone v e l o c i t y  and i t s  

bas i c  cu r ren t  f o r  a number of circumstances. - .  
.I ' I  



2. Formulation of the Problem 

a) Coordinate System 

We shall use the cylindrical coordinate system shown in Fig. 1 in 

which: radius, r, is positive outwards; azimuth, 8 , is measured 

coantesplockwise from due north; the radial and azimuthal components of 

i ? /  \ 
the windspeed are given by u and v, the direction and speed of the basic 

state flow by a and VB, and its northward and eastward components by VN 

and VE. 

b) Symmetric Cyclone 

For the symmetric cyclone we use a modified Rankine vortex 
I$*", 

u = -7vs 
s y 2 0 (Northern Hemisphere) (2) 

y L O  (Southern Hemisphere) 

where the subscript s denotes symmetric components, C, x, and y are 

constants which define the strength, shape and mean convergence into the 

cyclone and r is the radius to maximum winds. m 

. . 5 . ~ ) 7  D(u?; Equation (1) was first proposed by Hughes (1952) as a modification 

to Depperman's (1947) application of a pure Rankine vortex (x = 1) to 

the low level azimuthal winds in a tropical cyclone. As has been shown 

by Hughes (19521, Riehl (1954, 19631, Gray and Shea (19731, x typically 

lies between 0.4 and 0.6 and in extremes may range between 0 and 0.8. 

Equation (2) provides a cyclone scale convergence in which y is the 

%.tangent of a constant mean inflow angle which Gray (1981) and others 

irn4.h ir i ~ I X I  asaq3ai  *;i$ 



Fig. 1. The coordinate system used i n  t h i s  paper. symbols are  
described i n  the t ex t .  

05s ,, , -r , e ~ a r ~ ~ r . ,  r ,  J r 3 
, 8 i * . r -  

have l o r n  t o  be a reasonable f i r s t  approximation i n  the inflow layer 

(up t o  500 mb). 

!lsit ,@at The v o r t i c i t y  a t  a given radius  outside the radius .,, ,aximum winds 

; ? Cr * 7 .* . $1'' I 
f o r  t h i s  symmetric cyclone i s  

I1 I 

c )  Cyclone Motion - -. ~y 

,,,b Equation (3 )  t e l l s  us t h a t  i f  a cyclone i s  moving i n  a pa r t i cu l a r  

d i rect ion,  then the cyclonic v o r t i c i t y  must be increasing i n  t ha t  



I 
direction. Hence under ideal circumstances we can find the cycloneLa 

motion as a solution of the vorticity equation, which in pressure ,d 
. " 

coordinates is 
! .Liz? . irr  i . ~ t * i  f - ~ o v  on i a d  onblova adj 

. I, I 

Where all terms, which have their usual meaning, are defined in the 
I &  5.3 sde $ 3  * ; - 3 . B  

appendix. Unfortunately, in the cyclone environment the vertical 
r .7 

advection, tilting, and frictional terms are, at best, difficult to 

calculate. Hence, we shall simply neglect these terms at this stage and 

provide Qposteriori justification in later sections. We then have the 

barotropic, vergent vorticity equation in cylindrical coordinates 

where the northward component of the total wind speed vn is given by 
I 

v = u c o s e - v  sine n 

We now assume that the cyclone will move towards the region of 

maximum vorticity change, then the direction of motion will be given by 

and the speed of motion by 

where em is the solution to Eq. 7 and the prime indicates that the 

I 



azimuthally symmetric terms, which cannot contr ibute  t o  the  motion, have 

, ?  ; / *  
been aeletad.  These two r e l a t i o n s  w i l l  not hold f o r  x = 1, a t  which 

stage the cy me has no v o r t i c i t y  outside the radius  of maximum winds 

(Eq. 3 ) .  But they a re  v a l i d  f o r  our presumed range of 0 ( x  < 0.8. 

We s h a l l  a l s o  assume t h a t  the bas ic  flow i s  constant with time. 

, h )  Thus, the bas ic  current  may advect the vor tex  through Eq. ( 5 )  but the 

vortex may not i n t e r a c t  with and change the bas ic  s t a t e .  This i s  a  

v a l i d  assumption i n  t h a t  we a re  primari ly in te res ted  i n  the s h o r t l t e r m  
t ; '  

. > I  > .  ' I ; 1 

motion and Adem (1956) has shown t h a t  the non l i n e a r  feedback i s  
. I  %.> . I S 

unimportant over a time sca le  of 6-12 hours. 



3. Direct Analytic Solutions 

a) The Circular Rossby Wave 

For our first case we take a convergent vortex on a beta plane with 

no basic flow. Thus on substituting Eqs. (11, (21, ( 3 )  into the 

vorticity Eq. (51, using Eq. ( 6 )  and neglecting all azimuthally 

symmetric terms we arrive at 

1 ( 1  
= $vs (sine + y (2 - XI case) 

1 . , f S 5  
I .. - + I f $  T ? ' l  

Using Eq. (71, the direction of motion is then 

-1 0 = tan [J.I(y (2 - XI)] 
m 

(10) 

and from Eq. ( 8 )  the vortex speed is given by 

v - 
1 3: 211 , . I  c - (sinem + y (2 - x) cosBm) 

l - x  
2 

. j  I ,  . 

The direction and speed of motion are thus independent of the 

strength of the vortex (given by C in Eq. 1) but depend on the shape (x) 

and the amount of convergence (y). The speed of motion is also radius 

dependent. 

If we remove the convergence (y = 0) then 

and the only asymmetric vorticity changes are due to the advection of 
1 

earth vorticity by the azimuthal winds. Hence, the vortex drifts due 



westward in a circular analogy to the classical Rossby wave (Rossby, 

1939). 
" J 

In a convergent cyclone (positive y in the Northern Hemisphere, 

negative y in the Southern Hemisphere), the radial inflow introdu~es an 
2 r 1. . r  ' .. I. "1; l * t i  

I 
additional asymmetric vorticity change, cyclonic on the poleward, and 

anticyclonic on the equatomard side. Figure 2 shows the resulting 

effect on the cyclone for typical parameters of x = 0.5, r = 300 km and 

-1 -1 j3 = 2.15 x 10-I' m s (correspond to a latitude of 20'). We see that 

increasing convergence turns the cyclone poleward and increases its 
, '..? 

speed. However, for reasonable deep layer inflow angles (up to 10-20') 

the speed will remain essentially constant while the direction may 

change considerably. These results are in qualitative agreement with 

those of Anthes and Hoke (1975). 
e' . g:' 

b) The Rossby Drift 

, * I  Rossby (1948) showed that an isolated vortex on a j3 plane will 

experience a meridional acceleration due to the variation in Coriolis 
\ ,  " .  , % ' I  . I .  l,, , - I .  2 6 .  

force. Specifically, in the absence of compensating pressure gradient 

forces the stronger Coriolis force on the poleward versus the 
, .. 

L ' ,. , . 2 4 2 ! , :  .>'I I .  
equatorward side produces a poleward force on a cyclohe which is 

directly related to the cyclone rotation rate and radial extent, and to 

the magnitude of p.  Adem (1956) combined this drift and the circular 

Rossby wave effect to show that a cyclone will drift to the nirthwest in 

the absence of a defined basic current, and a number of n m e r ~ c a 1 , m o d e l  

results have since confirmed this (Anthes and Hoke, 1975; Madala *nd 

Piacsek, 1975; Kitade, 1980). Since most tropical cyclones move to the 

west, the premise has therefore been that this Rossby drift should cause 

them to move to the right of the steering current in the Northern 
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Convergent SH Cyclone I Convergent NH Cyclone 
Divergent NH Cyclone Divergent SH Cyclone 

INFLOW ANGLE (deg) 

Pig. 2. The change in speed and direction of motion with degree of 
vergence in a tropical cyclone with no basic current. 

Hemisphere; a premise which has been confirmed by the theoretical work 

of Rossby (1948) and Adem and Lezama (1960). We shall show that 

differing d?,Pinit..o-ns_ ofv.fhe basic current render t b i g  premise incorrect 

for direct observations. 

Imagine a symmetric, nonvergent vortex drifting westward on a 

Northern Hemispheric beta plane as described in section 3a. Then the 

time rate of change of vorticity, given by Eq. (9) but viewed in a m  

Lagrangira_n ggqae follgwing the cyclone center, will be as shown in Fig. 

3. (The assignment of units is arbitrary and will vary according to j3, 

the strength and shape of the vortex.) These Lagrangian vorticity,, 

changes, and the distortion of the cyclone prescribed by Eq. (111, will 

concomitantly produce two opposing circulations, counterclockwise to the 



1 
Fig. 3. Fieid of adat, in arbitrary units, centered on a 

symmetric, nonvergent Northern Hemispheric cyclone which is 
drifting westwards on a beta plane with no basic flow. Heavy 
dashed lines show the induced secondary circulation as a result 
of the vorticity changes. 

, . . I (  . -  1 .  . t i  ' f  
west and clockwise to the east, as shown schematically in Fig. 3. The 

resultant southerly wind over the vortex center will advect it poleward. 

Introducing convergence into the cyclone will rotate the field in Fig. 3 

in a clockwise direction so that the steering current will be from a 

more southwesterly direction. . . i  . . ;I:**- . -  A . - -  I 

A similar argument has been advanced by Anthes (1982) and some 

interesting examples of this effect may be seen in the work of Adem 

. I 4 :  
(19561, Morikawa (1962) and Kitade (1980). Adem showed that a 

symmetric, isolated nonvergent cyclone on a beta plane would initially 

move westwards. Then, as the second order circulations formed, the 



cyclone turned and moved northwestward under the  combined poleward d r i f t  

and c i r c u l a r  Rossby wave e f f e c t s .  Morikawa i n i t i a l i z e d  a  geostrophic 

po in t  vor tex  i n  a  l i n e a r  wes t e r ly  b a s i c  cu r r en t  and then examined the  

I 
d i s t o r t i o n  i n  the  b a s i c  c u r r e n t  dur ing  a  48 hours i n t e g r a t i o n  of a  

nonvergent ba ro t rop ic  model. The i n i t i a l l y  uniform b a s i c  cu r r en t  soon 

developed a  l a r g e  amplitude wave s t r u c t u r e  wi th  sou the r ly  flow over the  

vo r t ex  c e n t e r  (Morikawa's Fig.  5 ) .  Kitade s t a r t e d  wi th  a  r e a l i s t i c  

t h ree  dimensional t r o p i c a l  s t o q . o n  a  be t a  p l ane .wi th  no b a s i c  cu r r en t  
? .' <.I 

and then i n t e g r a t e d  f o r  e igh ty  hburs wi th  a  verg&t  quasi-barot!opic 

model. The r e s u l t a n t  t r a j e c t o r y  i s  shown i n  Fig. 4, t oge the r  wi th  

s e v e r a l  p l o t s  of t he  b a s i c  c u r r e n t  a t  650 mb (averaged over a  10' 

l a t / l o n g  square centered  on the  cyclone)  which has been generated a s  a  

r e s u l t  of the  above e f f e c t .  Since the  cyclone i s  convergent i n  the  low 
I I 

.-.---* --A. . . o  " I .  
l e v e l s ,  t h i s  southwester ly bas i c  c u r r e n t  and the  t r ack ing  of the  cyclone 

t o  the l e f t  a r e  i n  good agreement w i th  our previous d iscuss ion .  Kitade 

a l s o  descr ibes  t h r e e  o t h e r  experiments using a  b a r o c l i n i c  model which - ... - -  i. - 
, 3 " 0  " ' ? I :  

produced s i m i l a r  r e s u l t s ,  
*<,t?', 3,';:' , I  

Thus Rossby's poleward d r i f t  i s  no t  r e a l l y  a  fo rce  on t h e  cyclone, 

r a t h e r  it  i s  an imposed b a s i c  flow. I n  t h i s  regard  the  d e f i n i t i o n  of a  

b a s i c  cu r r en t  i n  t h e  t h e o r e t i c a l  s t u d i e s  i s  q u i t e  d i f f e r e n t  t o  t h a t  of a  

f o r e c a s t e r .  The t h e o r e t i c i a n s  s t a r t  wi th  a  symmetric vor tex ,  
t." 

superimpose a  b a s i c  c u r r e n t  then  c a l c u l a t e d  the  be t a  e f f e c t  t o  a r r i v e  a t  

a  westward and poleward b e t a  d r i f t  a f t e r  the  b a s i c  c u r r e n t  has 

d i s t o r t e d .  The f o r e c a s t e r  e x t r a c t s  a  symmetric vo r t ex  from h i s  wind 

a n a l y s i s  t o  g e t  a  b a s i c  c u r r e n t  which a l r eady  inc ludes  the  poleward 

Rossby d r i f t ;  thus leaving  only  t h e  westward be t a  d r i f t ,  a s  we s h a l l  

1 C f .  show i n  the  fol lowing sec t ion .  
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'Longitude - I 
1 I 

Fig. 4. Reconstruction of the trajectory of a tropical cyclone (heavy 
line) during an integration of a vergent quasi-barotropic 
model by Kitade (1980). -'fhe arrows and numerals indicate the 
direction and speed (m s ) of the steering current at 10 
hourly intervals. 

c) Constant Basic State 

If we introduce a nonshearedr straight environmental flow8 VB8 at 

an angle a to due north (Fig. I), then the radial and tangential wind 

components become 



1. 3 1 4  . , ~ a  :&: . : ~ T B ~ c L : I G '  
where X = 8 - a. Since the environmental flow contains no vorticity 

the relative vorticity is still given by Eq. ( 3 1 ,  and the asymmetric 
,: ., L , ,  . 

part of Eq. (5) becomes 

. .  > 
2 

A . ) . '  I > ,  . 
1-x 

Vs VB COSX: + vs I3 (sine + y (2 - x) cose) (15) 
r 

Substituting Eq. (15) into Eqs. (71, ( 8 )  and solving them gives the 

direction and speed of motion 

-1 em = tan 

If we revert to an f plane ($ = 0 then 8 = 
m a. V = VB and 

C 

the cyclone moves exactly with the environmental flown a result that has 
. ' <  ' ,  $'x= 

previously been obtained by Adea and ~e'ram; (1960). For VB = 0 we 

regain Eq. (101, (11). Thus the deyiation from the environmental flow 

arises solely from the superimposed'restw~;h movement of the cyclone as 

- .  
:'':.'it interacts with the earth vorticity field in the manner described in 

section 3a .  Simplistically, the motion described by Eqs. (161, (17) may 

therefore be considered as the addition of two vectors: one aligned 

along and equal to the basic flow, VB, and another beta effect, V 
B' 

I..; ' .,, . . 
pointing vestward with' its exact a1 ignment and length defined by Eqs. 

. \; 
, 1 Four schematic examples for a nonvergent cyclone in either 

2 ' .  I > < '  J ' U 0 , . L 



hemisphere a r e  given i n  Fig.  5. Since the  be t a  e f f e c t  i s  cons tan t  f o r  a  

given cyclone the d e v i a t i o n  angle,  and t o  a  l e s s e r  e x t e n t  the speed 

d e v i a t i o n  (note  the  cos ( em-a) term i n  Bq. 17) vary accclrding t o  the  

speed and d i r e c t i o n  of the  bas i c  c u r r e n t .  We s h a l l  d i scuss  tho 

importance of those e f f e c t s  i n  sactiorb 6 .  

t 

Fig.  5. A schematic i l l u s t r a t i o n  of t he  e f f e c t s  of addint; a  cons tan t  
b e t a  e f f e c t  (V 1 t o  b a s i c  c u r r e n t s  (VB) of d i f f e r e n t  

B d i r e c t i o n s  and speeds t o  produce a  r e s u l t a n t  cycl.one motion 

In t roducing  convergence w i l l  t u r n  t h e  be t a  e f f e c t  vec:tor, V more 
-PI 

polewards a s  descr ibed  i n  s e c t i o n  3a and Fig. 2.  The a c t u a l  t r a c k  and 

speed dev ia t ions  a s  a  func t ion  of a  f o r  some t y p i c a l  Nor t l~ern  

-1 Hemispheric parameters  of y = 0.2, V = 5, 10  m s  , x = 0.5, r = 300 km 
B 

-4 -1 -1 and j3 = 2.15 x 10  m s  a r e  shown i n  Fig.  6. We see i n  Fig. 6a t h a t  

eastward moving cyclones have the  l a r g e s t  t r a c k  deviat ion: ;  and a r e  a l s o  

q u i t e  s e n s i t i v e  t o  the  b a s i c  flow speed. (The two curves i n  Fig.  6a a r e  

from a  family of curves which converge t o  a  s t r a i g h t  l i n e  a s  V 
B 
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90 180 270 360 

Direction of Basic Current, CY 

<: c r m  

I I , I ya r a sop 
90 180 270 360. 

' . . I  aci Direction of Basic Current, a iehrrw rk  v3i fi4ig. 

Fig. 6 ,  Track ( a )  and speed (b)  devia t ion from the bas ic  flow fo r  
typical  Northern Hemisphere cyclone parameters and two bas ic  
current  speeds. A pos i t ive  devia t ion means t o  the l e f t  of ,  
~rnd f a s t e r  than the bas ic  current .  

, ' , : a  P , d t  ,: . j i i !  :tl <, ! f i r  

approache:r i n f i n i t y  and t o  a sawtooth curve a s  VB approaches zero.) The 

speed dev.Lations i n  Fig. 6b show a much smaller s e n s i t i v i t y  t o  changes 

i n  the environmental speed. These curves should be taken a s  a general 
' 5  .:Dik y , * .  

indica t ion only a s  individual  t racks  and speeds depend on the  choice of 

d i f f e r e n t  parameters. We s h a l l  d iscuss  these aspects  f u r t h e r  i n  sec t ion 



d) The Effective Radius 

Equations (16) and (17) indicate that the motion for a given set of 

basic flow and cyclone parameters is radius dependent. Thus the cyclone 

is being continually distorted with different parts attempting to move 

at different velocities. Adem and Lezama (19601, calculated the 

resultant velocity by integrating over the entire cyclone domain (which 

they predefined) and thus arrived at an effective radius which is six or 

seven tenths of the radial extent of the symmetric cyclone. Physically 

this may be interpreted as follows. We know that the cyclone has a high 

rotational stability in the inner few hundred kilometers, as is 

evidenced by its ability to remain quasisymmetric and maintain its 

identity even under quite adverse conditions. (From the vorticity Eq. 

( 5 )  point of view, this means that any distortion will immediately 

introduce circular advective terms which quickly act to retain the 

quasisymmetrical shape.) In the outer regions of the cyclone this 

stability is weak and considerable distortion may occur. Bence, even 

though the cyclone interacts with the environment to some extent at all 

radii, one effective radius will dominate in determining its motion. As 

shown schematically in Fig. 7, this will create an envelope which must 

be at large enough radius to maximize the interactions with the basic 

flow and effects, but also small enough to ensure sufficient 

rotational stiffness to advect, the cyclone center along with it. 

This physical hypothesis has two interesting corollaries. One is 

that the outer region beyond the envelope will distort with time and 

thus interact with and modify the basic state, as we discussed in the 

explanation of the Rossby drift in Section 3b. The second relates to 

the observed oscillatory motion of a cyclone about is mean path. 
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EFFECT 

Fig. 7. A simple schematic of cyclone motion on a beta  plane under a 
bas ic  current .  

Yeh (1950) and Kuo (1950) described t h i s  o s c i l l a t o r y  motion a s  

a r i s i n g  from the atmospheric equivalent  of the Magnus force on a r i g i d  

ro ta t ing  cylinder.  This i s  an aerodynamic force r e s u l t i n g  from the 

in te rac t ion  between the r o t a t i n g  cyl inder  and i t s  bas ic  cnrrent ,  and i s  

perpendicular t o  the current ,  being t o  the r i g h t  of a cyclone i n  the  

Northern Bemisphere and t o  the l e f t  i n  the  Southern Hemisphere. The 

resu l t ing  t r a j e c t o r y  i s  a trochoidal  o s c i l l a t i o n  about the  mean path 

with a period and amplitude determined by the s o l i d  body r o t a t i o n  of the 

vortex and the speed of the bas ic  cnrrent .  Our hypothesis o f f e r s  an 

a l t e rna t ive  explanation. The cyclone cen te r  is  constrained t o  move with 

the outer  envelope by i t s  r o t a t i o n a l  s t i f f n e s s .  But the  contact  i s  not 

a r i g i d  one, r a t h e r  the center  has a l imi ted  freedom t o  move within 



these outer  region cons t ra in t s .  For example, our simple mocel, Eq. 

(161, d i c t a t e s  t h a t  the center  move t o  the r i g h t  of the outer  envelope 

f o r  a  southerly bas ic  current  i n  the  Northern Hemisphere. l 'his tendency 

f o r  rightward movement and subsequent adjustment back t o  the mean path 

would provide a  shor t  period o s c i l l a t i o n .  However i n  the  r e a l  world 

there  must be a  plethora of mechanisms ( f o r  example, conveclive and 

f r i c t i o n a l  asymmetries) t o  d i s t o r t  and d e f l e c t  the c e n t r a l  legion and 

r e s u l t  i n  an o s c i l l a t o r y  t r a j e c t o r y  wi th in  the cons t ra in t s  c~f a slowly 

varying ou te r  envelope. 



Extensive rawinsonde compositing s tud ies  of Northern Hemispheric 

t rop ica l  1:yclone motion i n  r e l a t i o n  t o  the bas ic  flow which have been .- .. .*. --.. 

reported l>y George and Gray (19761, Gray (1978) and Chan and Gray (1982) 

a re  i n  good agreement with our ana ly t i c  r e s u l t s .  A s  an example, some 

per t inen t  NW P a c i f i c  f indings from Chan and Gray a r e  summarized i n  Table 

1, together with some previously unpublished r e s u l t s .  
!L& 

wol% 
Considering f i r s t  the  speed s t r a t i f i c a t i o n s  i n  Table l A D  we see 

t h a t  the ~Xeviation angle decreases cons i s t en t ly  with increasing speed 

while the speed devia t ion remains almost constant.  Table 1 B  indicates  

tha t  nort:ieastward moving cyclones devia te  more t o  the l e f t  and are 

slower r e l a t i v e  t o  the bas ic  current  than those moving t o  the  north and 

west. Tho small devia t ion angle f o r  the northeastward moving typhoon is  
7 I: 

due t o  tht: dominating e f f e c t  of the concomitant increase i n  bas ic  r7 
b 1 

current  speed. There i s  no apparent reason f o r  the seemingly anomolous 
P 

motion of the westward moving typhoon, though it i s  noteable t h a t  west- 

ward moving At lan t i c  hurricanes (not shown) move t o  the  r i g h t  of the 

bas ic  cur:eent, i n  good agreement with the theory. 14 eoo 
as .  

Tabl~! 1 C  contains previously unpublished r e s u l t s  f o r  recurving 

cyclones .in the  NW Pacif ic .  The four  composites a r e  homogeneous i n  t h a t  

they c o n t t ~ i n  the same cyclones a t  d i f f e r e n t  periods of t h e i r  l i f e  cycle. 

These cyc:lones a l l  s t a r t e d  moving northwestward, reached supertyphoon 

(950 mb o:r l e s s )  i n t e n s i t y  a t  o r  within 1 day before recurvature,  and 

then f i l l o d  a f t e r  reeurvature. The mean d i rec t ions  of motion a r e  given 

i n  bracke1:s f o r  each s t r a t i f i c a t i o n .  We see once again t h a t  a s  the 

cyclone turns  poleward and recurves the  devia t ion angle increases and. 

the speed deviat ion decreases and becomes posi t ive .  



TABLE 1 

i I -  

i 

General deviations of composite NW Pacific tropical cyclones from their 
basic currents after Chan and Gray (1982). The basic curre:it is an 
azimuthal and vertical average over 700-500 mb and 5-7' latitude radius 
from the center. Directions of cyclone motion are given in parentheses. 

, . z ; *  
Cyclone Type Basic Direct ion Speed 

Current Deviation Ibeviation 

m. 
Slow 

, - A 61-1 Moderate 4.3 

Fast r , ,  9.5 1 8  . t  <zn -0.6 

Westward 

Northward '(" 4.4 23 

Northeastward 7.3 .,a , . .,. 19 

I 
$ p i . r b r  D L & * ~ T W * ' .  ? 

1 Intensifying 4.5 - - 

Tropical . :>. , a t -  ?.!. 

Storm (em=67) 
* . A  & 

- 6  3 s .  b &ti  : t "  , , 
Intensifying 4.0 19 
Typhoon 
Prior to 
Recurvature (em=61) 

I- . L I  

Intensifying 4.6 
Typhoon Near . r 

Recurvature(em=48) 

Fill ing Typhoon 
At or After 



The average e f f e c t i v e  r a d i i  of in te rac t ion  were a l s o  ca lcula ted  f o r  

the s t r a t i f i c a t i o n s  i n  Table lB, 1C. This was done by solving Eqs. (16) 

and (17) using the known bas ic  current  and cyclone ve loc i ty  and varying 

x from 0.4 t o  0.6 and 6 from 0.2 t o  0.4. The e f f e c t i v e  r a d i i  varied 

from 200-400 km and were typ ica l ly  i n  the  range 250-300 km, thus provid- 

ing t e n t a t i v e  j u s t i f i c a t i o n  f o r  our de le t ion  of the t i l t i n g  term i n  Eq. 

( 5 ) .  However, these values cannot be unequivocably accepted a s  typ ica l  

of a l l  cyclones. Rather, a  more thorough inves t igat ion i s  needed t o  

determine the e f f e c t s  o f ,  among o the r  things,  d i f f e r i n g  environments, 

I 
cyclone s ize ,  i n t e n s i t y  and convergence. i 

i 

Brand e t  a l .  (1981) compared ten  years  of Northwest P a c i f i c  t ropi-  

c a l  cyclone data  with the d i r e c t i o n  of the geostrophic bas ic  current  

derived from SO0 mb operat ional  analyses, Their r e s u l t s ,  which a re  sum- 

marised i n  Fig. 8, indica te  t h a t  low l a t i t u d e  cyclones move t o  the r i g h t  

of t h i s  bas ic  current  and t h a t  high l a t i t u d e  cyclones move t o  the l e f t .  

Since 1011 l a t i t u d e  cyclones t y p i c a l l y  move westward while those a t  

higher l a t i t u d e s  tend t o  move more poleward and eastward, these r e s u l t s  

a r e  a l s o  i n  good agreement with the  ana ly t i ca l  r e s u l t s  i n  Fig. 6. Brand 

e t  a l .  a l s o  showed t h a t  the variance from these mean devia t ions  was a  

maximum between 20-30'~ and decreased poleward and equatorward of t h i s  

region. A l a rge  p a r t  of t h i s  variance p a t t e r n  w i l l  be due t o  the 

g rea te r  v a r i e t y  of storm d i rec t ions  i n  the subtropics compared t o  those 

i n  equator ia l  and higher l a t i t u d e  regions. But va r ia t ions  i n  s i ze ,  

in tens i ty  and convergence, and (as  discussed l a t e r  i n  sec t ion 6c) d i f -  

f e ren t  c h a r a c t e r i s t i c s  of the  bas ic  current  could a l s o  contr ibute  t o  

much of t h i s  behavior. 





5. General I t e r a t i v e  Solutions 

a )  The Model 
. .>a. 

The assumption of a constant  bas ic  s t a t e  i n  sec t ion  30 provided us 

with an ana ly t i c  so lu t ion  f o r  the r e s u l t i n g  d i r e c t i o n  and speed of the 

cyclone, which, as  we showed i n  the  previous sec t ion,  provided c lose  

agreement with general observations. But, Eqs. (16) and (17) have only 

l imi ted  a p p l i c a b i l i t y  t o  individual  s i t u a t i o n s ,  i n  which the bas ic  s t a t e  

flow i s  of ten  f a r  from uniform. Hence, i n  t h i s  sec t ion we derive a more 

general method of so lu t ion  which can simulate complex t r o p i c a l  cyclone 

motions qu i t e  well.  

To do t h i s  we speci fy  the bas ic  s t a t e  flow by a wind a t  the  cyclone 
- 

center ,  VB, meridional and zonal components of v o r t i c i t y ,  

- - - -  a v ~  - - a v ~  
Go a y R  - ax and meridional and zonal components of 

vergence a V ~  
5: - - - a V ~  

6o ay '1 - ax (where VE, V a r e  the zonal and N 

meridional components of the bas ic  s t a t e  flow). We s t i l l  speci fy  the 

symmetric cyclone by Eqs. ( I ) ,  (21, then 

v = v - VN s i n e  - V, cose 
s 



After substituting Eqs. (18) to (22) into Eq. (51, dropping the 

symmetric terms and some tedious algebra we get 

(A) , r ~ " ~ "  . ^ .  ! f  r 
) Y  t u  ;L.? 

4p1: b + $ vS(y(2-x)cose+sine) + r(SlsinB-(260+61)cosB) I ] (23) 

/ .I 

I i 5  

Equation (23) state; that the asymmetric vorticity changes aroundithe 

cyclone arise from the advection of vorticity associated with the 
: :>g$ 

symmetric cyclone by the basic current (term A), the advection and 

vergence of earth vorticity by the symmetric cyclone circulation (term 

B), and the advection and vergence of earth vorticity by the asymmetric 

I bk 
-4 -  .. + 

k t 3  r .2  u.:fi .. CM, 
component of the basic current (term C). ~ e i k  s ittitut~h~ Eq. (23) 

t , >, , .. '_ :.L 
into Eq. (7) gives , , . 

+ rA$vs [co som - y (2-2 ) s inem] 



The only terms i n  Eqs. (24) and (25) which cannot be speci f ied  or 

ca lcula ted  d i r e c t l y  from avai lable  data  a r e  the d i r e c t i o n  and speed of 

mot ion, em, Vc, and the  e f f e c t i v e  radius  a t  which the cyclone i n t e r a c t s  

with the bas ic  current .  

The major problem l i e s  i n  determining the  e f f e c t i v e  radius.  A 

cl imatological  d e f i n i t i o n  such as  given i n  Table 1 would probably be 

qu i t e  poor i n  individual  cases since t h i s  radius  i s  almost c e r t a i n l y  a  

complex function of many d i f f e r e n t  parameters. However, i f  we make the 

assumption t h a t  the e f f e c t i v e  radius  changes slowly over shor t  periods 

of time then we can ca lcu la te  it f o r  a  pas t  time when we know a l l  o the r  

cyclone parameters, then use t h i s  value t o  p red ic t  the cyclone motion 

from present  data. The so lu t ion  technique i s  then a s  shown i n  Table 2. 

For case study o r  forecas t  appl ica t ions ,  the model is  f i r s t  

' i n i t i a l i z e d '  by determining the e f f e c t i v e  radius  from immediate pas t  

data.  Then present  data  a r e  incorporated and the fu tu re  cyclone motion 

i s  forecas t  using the same e f f e c t i v e  radias .  For 'what i f ? '  s c i e n t i f i c  

appl ica t ions  a  standard cyclone i s  defined a t  the  beginning of the 

sequence. 

This simple model, consis t ing  of Eqs. (24) and (25) and the  

solut ion procedure i n  Table 2, has been programmed i n t o  a HP41C 

ca lcu la to r  f o r  ease and convenience of use. It has two modes of 

operation. I n  the fo recas t  o r  case study mode, da ta  a t  up t o  e igh t  

equidis tant  g r i d  po in t s  surrounding the  center  a re  provided, together 

with the cyclone posi t ion .  The model then e x t r a c t s  the symmetric vortex 

and e i t h e r  i n i t i a l i z e s  an e f f e c t i v e  radius  o r  produces a  forecas t  speed 

and d i rec t ion  together with pos i t ions  a t  any spec i f i ed  time in te rva l .  

I n  the second, research or  i n t e r a c t i v e  mode any parameters may be 



TABLE 2 

Method of solution for Eqs, (24) and (25). 

INITIALIZE CYCLONE 
ON PAST DATA 

PRODUCE FORECAST 
PROM PRESENT DATA 

Known : Update : 

1)Total wind field in . . 
! I . * *, 

1)Total wind field in 
a specified layer specified layer. 

h 2)Cyclone intensity and motion 2)Cyclone inte: - 

 calculate : q . . ,. & - \ >  Calculate: P ;n. 
P D T .  XD 50. B. Y. x. Go. 

%!\,I C1s fjo, fjlD aD . ,!., 2 . . .  60, 61Da, VB A' '! . I 

I 
fi : 3 r d  
Initialize cyclone by using ern Forecast new cyclone motion 8 
and V to specify ?fSl?cafvg 11. , . V by using effective radius ?ram 

C C 
radiusD r,, from initialization step and 
Eqs. 24 agd 25 

,: ,. r ~ 2 , r ;  -., c ij) ,t g.3; -; , r;< iteratively solving 
Eqs. 24 and 25 

C. c  en hour model and persistence forecast errors ( 1  using the data in 
Figs. 4 ?a?4_gy r R ~ ~ t  mega square esrof% .are shown in brackets. 

ERROR 

.I !>ti3 ( t - 1  ! MODEL PERSISTENCE 

ZONAL ERROR 0.22 (3.75) 1.56 (7.81) 
Barotropic Case (Fig. 4) 

r bar. Q . , . MERIDIONAL -0.67 (4.64) -4.22 (4.95) 
ERROR 

ZONAL ERROR 8.68 (24.69) -8.89 (18.31) 
Baroclinic Case (Fig. 9) 

MERIDIONAL 6.11 (29.88) 6.11 (37.18) 
ERROR 

x,* ::I 



defined as  constant or  changed a t  w i l l .  The model then ad jus t s  t o  these 

parameters and produces a  forecas t  cyclone motion. e 
A s  a  simple t e s t  of the  models v i a b i l i t y  we use the two experiments 

from Kitade (1980) shown i n  Fig. 4 and Pig. 9. For each case we took 

the cyclone and bas ic  s t a t e  v e l o c i t i e s  a t  t i m  t-10 hours, t o  ca lcu la te  'i 7 4 .  
1 

the e f fec t ive  radius,  then used t h i s  e f f e c t i v e  radius  with the bas ic  

s t a t e  ve loc i ty  a t  time t t o  produce a  fo recas t  pos i t ion  a t  time t + 10  

hours. For the barot ropic  case (Fig. 4 )  we s e t  x = 0.5 and 7 = 0.2 

throughout the experiment. For the ba roc l in ic  case (Fig. 9)  we s e t  7 = 

0.2 throughout but varied x from 0.5 a t  the beginning t o  0.65 a t  the end 
y 

t o  emulate the i n t e n s i f i c a t i o n  of the cyclone from a  maximum wind of 20 

-1 1 
m a t o  45 m s-' ( see  Kitade, 1980. Fig. 5b).  

i 
The r e s u l t a n t  fo recas t  e r ro r s ,  shown i n  Table 3, indica te  t h a t  the 

model can accura te ly  reproduce the r e s u l t s  of much more complex 

numerical models, desp i t e  the  r a t h e r  rapidly  varying bas ic  s t a t  flow i n  

' I i' 
the barocl in ic  case. A nwmber of experimental runs with the model are  

used t o  a i d  d iscuss ion i n  the  following sect ion,  and i t s  poss ib le  use i n  

forecas t ing i s  discussed i n  sec t ion  6. 
+CA,rt!pI1G : . 
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Longitude 
Fig. 9 .  Reconstruction of the trajectory ( s o l i d  l i n e )  of a tropical 

cyclone from baroclinic experiment #1 of Kitade (1980). 
The qrows and numerals indicate the direction and speed 
(m s ) of the steering current a t  10 hourly intervals. 
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6. Discussion 

I, 
:.. 

S f '  p rsi..: ,.;,.!,,:$r- :. s J r i f i . !  , -  . . . .  

a) The Stability of Cyclone Motion . . .. .. . !.v " 9.T 5. 2; . .  . 

I r '  
We define the motion of a cyclone to be stable when it reacts in a 

damped manner to basic current variations or shortlived asymmetries, and 

unstable when it overreacts to such variations. Then the imposition of 

the beta effect and asymmetries in the basic flow can result in a stable 

or unstable configuration, depending on the direction of the basic 

current. 
3 N 

. Consider first the direction deviation curves in Fig. 6a. s 
", . 

Convergent Nothern Hemispheric cyclones under a west to northwestward 
I .  

basic current (30' < a < 120' say) tend to converge towards a Jest- 

northwest direction (8  2: 70' for the cyclone in Fig. 6a). Hence, they 

have a damped response to variations in the direction of the basic 

current; for the example in Fig. 6a a a0 northwestward basic current 
veer in^ from a = 80' to 60' produces onlv a 13O change in the direction 

L. r s v a  

of cvclont otion. Northwestward moving cyclones are also stable for - 

changes i~ he speed s r ~  . p of, fhewga$$cugugg~gt. ;A& g q p t h  t g  ~&sfy.prd, or 

south to southeastward moving cyclone however, is quite unstable with 

respect to changes in this basic current speed. Again referring to Fig. 

6a, we can see that doubling the soeed of the northeastward ( a O l  
. r  a p r ~ r a  ,--- > .- --- -- - * . 

basic current from 5 to 10 m s-' results in a 15-20' change cvclone 

direction. By comparison to westward moving cyclones, the imposition of 

the beta effect causes cyclones which are moving to the southeasttmss 

through northeast (220 < a < 300 say) to diverge away from an east- 
southeasterly direction. Hence, they undergo unstable overreactions to , Z C 1  

changes in the direction of the basic current. This instability 
I 



inc 

6a 

-1 reases for lower basic current speeds; the VB = 5 m s curve in Fig. 
I 

indicates that a a0 channe eastward basic current direction from 

a = 250' to 270' produces a 40' channe in the cyclone direction. 

In this simple theory we have neglected possible asymmetric effects 

b 1 of vertical vorticity advection, tilting, friction, asyhnetric I 

I 
convergence, etc. In doing this we assumed that, while such effects are 

quite large in the region of the eyewall and may result in significant 

short period oscillations, they are of secondary importance at the 

effective radius envelope, which defines the longer period motion. We 

can now qualify these assumptions by examining the stability of the 

cyclone motion to additional asymmetric perturbations. 9 1 
I 

* * I A .  
The azimuthal variations of rate of vorticity change at an assumed 

effective radius of 300 km for the typical cyclone described in section 

3c are shown in Figs. 10, 11 and 12. A cyclone with a strong, sharp 

vorticity change maximum will have a stable motion since large 

additional asymmetric effects will be required to move this maximum and 

thus change the direction of motion. By comparison, a cyclone with a 

relatively flat vorticity change curve may be quite unstable to even 

minor perturbations. Figures 10, 11 and 12, then, indicate that 

westward moving cyclones are more stable than northward (and southward) 

or eastward moving cyclones, and that the stability increases in a11 
. . 

cases ai the basic current increases.  or low wind speeds i0) 

eastward moving cyclones are highly unstable to minor perturbations in 

any direction whereas those moving westward will only respond to 

perturbations very close to the direction of motion. Notice also in 

Figs. 11 and 12 that the addition of the beta effect results in a 

different response to perturbations on eithe; side of the storm motion. 
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Fig.  10. Azimuthal var iat ions  of rate of v o r t i c i t y  change a t  the 

e f f e c t i v e  radius of  300 km for  the typical  cyclone escribed -P i n  s ec t ion  3c and a bas ic  current speed of  2 .5  s . 

e---- 
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Fig.  11. A s  for  Fig.  1 0  but for  a bas ic  current speed of  5 m s . 
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11 
Fig. 12. As for Fig. 10 but for a basic current speed of 10 m s . 

Westward moving Northern Hemispheric cyclones will respond more to a 

given perturbation on the right hand compared to the left htind side. 

. 
Northward and eastward moving storms will respond more to pt)rturbations 

on the left hand side.-, 

Thus, cyclones moving on a west-northwestward track in the Northern 

Hemisphere (or on a west-southwestward track in the Southern tJ8masphere) 

are, so to speak, in the groove; substantial perturbations or changes in 

the basic current are required to produce even moderate var:iations in 

their direction of motion. By comparison, northward, southirard, and 
, i . ., . , ..: - . f  . id. 

especially eastward moving cyclones are quite unstable and may undergo 



la rge  o s c i l l a t i o n s  f o r  small imposed perturbations.  Eastward moving 

cyclones a re  r a r e  i n  the Northern Hemisphere. But they a r e  qu i t e  common 

i n  the eas te rn  AustralianISouthwest P a c i f i c  region (Holland, 1981) 

where, coincidenta l ly ,  there  i s  a l s o  a high proport ion of e r r a t i c  
' , ;= ,"' >PT ' f 

'\ I 
cyclones. 

(C -' 
b )  The Problem of Recurvature , /' % I =x,  + /'l 1 ;  : ., 

Two simple experiments with the hodel &scribedY i n  s e c t i o i  5 

provide a-moqe general example of these e f f e c t s  i n  r e l a t i o n  t o  the -_ 
problem of cyclone recurvature. We use the  ideal ized bas ic  current  

analys is  i n  Fig. 13 (from which the symmetric cyclone has been removed) 

and keep i t  constant  over two long term in tegra t ions  f o r  typhoons B i l l  
. -- _I_/. -. -- - 4 . L .  . 

0 %.. 2 4  
and Nancy. The bas ic  curre'l;;t da ta  are  provided t o  the model a t  a radius  

0 
of 6 l a t i t u d e  from , . the --- cyclone_ oen_t&r, then, as  described i n  sec t ion  5, 

the model derives an ana ly t i c  approximation t o  these data over the whole 

cyclone domain, superimposes the predefined symmetric cyclone and 

,+produces a forecas t  speed and d i r e c t i o n  of motion by an i t e r a t i v e  
I 

s ~ s o l u t i o n  of Eqs. (24) and (25). r Tr ll:=,rx..r .+ . r t  en1 :o $ 3 4 1  ad$ 

9 .  : . Typhoon B i l l  has i t s  shape defined by x = 0.5, mean convergence by 

y = 0.2, and an e f f e c t i v e  radius  of 250 km. A t  f i r s t  i t  moves t o  the 

r i g h t  of the bas ic  current ,  then a s  t h i s  current  veers  through a west- 

northwestward d i r e c t i o n  of 8 = 70°, B i l l  changes t o  a lef tward 6 8 3 8  

deviation. Thus, the long, r e l a t i v e l y  s t r a i g h t  t r ack  and penet ra t ion  

deep i n t o  the midla t i tude  trough before eventual recurvature. Once 

recurvatare has s t a r t e d  B i l l  moves i n t o  a stronger and s t ronger  

northeastward bas ic  ourrent .  This r ap id ly  diminishes the leftward beta  

e f f e c t  devia t ion and ensures a sharp recurvature and uniform 

northeastward progression. Typhoon Nancy is nonvergent (y = 0) but 
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3 Fig. 13 Tracks of ideal ized typhoons B i l l  and Nancy r e l a t i  re t o  a 

constant bas ic  s t a t e  f i e l d  of motion. - 
a #I+ , la?!! &e* , : i>7t* 8 

otherwise exact ly  the  same as  B i l l .  A s  a r e s u l t  i t  moves s l i g h t l y  t o  

the l e f t  of the bas ic  cur ren t  and slower than B i l l ,  misses m ~ c h  of the 

yd e f f e c t  of the  midla t i tude  trough and, a f t e r  a b r i e f  v a s c i l l a t i o n  i n  the  

col  region, continues on i t s  westward path. elf e 

?.**  - .These r e s u l t s  i l l u s t r a t e  three  points :  1) t h a t  thc _ot ion 

s t a b i l i t y  of westward moving cyclones enables them t o  r e s i s t  

recurvature;  2) a s  a cyclone begins t o  move poleward, it becomes 

unstable and recurvature i s  accomplished rapidly;  and 3)  i n  a poss ib le  
I 

recurkature s i t u a t i o n ,  s u p e r f i c i a l l y  s imi la r  cyclones w i t h  ' n i t i a l l y  

.y,, iden t i ca l  e n - ~ c o m e n t a l  flows may choose v r w  d i f f e r e n t  pa ---. :.- 



c )  Defining a Steering Current 

The term ' s teer ing cur ren t '  has been c l a s s i c a l l y  defined a s  the  

r e s u l t a n t  wind over the cyclone center  a f t e r  the symmetria components 

have bee1 removed. I n c o n s i s t e ~ c i e s  with the  ac tual  usage of the term, 

however, pose two major problems. 

The f i r s t  problem i s  t h a t ,  a s  has been noted by Brand e t  a l .  

(1981), the methods of removing the symmetric cyclone and the domain 

over whit:h the  current  i s  averaged a r e  as  mul t i far ious  a s  the  people who 

use them, For example, i n  the recent  l i t e r a t u r e  we f ind  George and Gray 

(1976) u:iing an azimuthally averaged wind f i e l d  over a domain from 1-7' 

l a t i t u d e  radius  from the  center ,  Brand e t  a l .  asing a geostrophic 

s t ee r ing  current  over a 63 km domain, and Chan and Gray (1982) using an 

azimuthaj, average over 5-7P l a t i t u d e  radius  from the center .  To some 

extent  siich d i f ferences  a r e  unavoidable and probably of minor 

consequex.ce ( f o r  example, the  height  f i e l d  approach with geostrophic 

winds shculd give a s imi la r  r e s u l t  t o  asing the  wind f i e l d  d i r e c t l y ) .  

However, the d i f fe r ing ,  seemingly randomly chosen, domain s i z e s  merely 

confuse the  i ssue  and make intercomparisons d i f f i c u l t .  We have 

attempted t o  circumvent t h i s  problem i n  t h i s  paper by using an ana ly t i c  

approximation t o  the  complete bas ic  current  so t h a t  the ac tua l  winds can 

be in terpola ted  t o  the e f f e c t i v e  radius  f o r  use i n  determining the 

cyclone motion. For more general appl ica t ions  on azimuthal average over 

a concentric domain (200-400 km) from the cen te r  (which contains the 

e f fec t ive  radius  and corresponds t o  the s t ipp led  region i n  Fig. 7) would 

be ideal .  I f  data problems prevent such an average then perhaps some 

form of in te rpo la t ion  t o  t h i s  radius  should be used. 



The second problem is that, even with a consistently derined 

steering current, the basic current asymmetries (which have ,een 

averaged out) may have an important effect on the cyclone motion. This 

is well illustrated by the results in Table 4, which contains the 

solutions to Eqs. (24) and (25) for the motion of the typical Northern 

Hemispheric cyclone described in section 3c under differing 3asic state 

configurations. We see that the concept of a 'steering curr:ntt is 

indeed a poor one; the cyclone moves by an interaction with the basic 

current and may react considerably to asymmetries in these winds. 

C We have, of course, neglected any nonlinear interactions in Eqs. 

(24) and (25). Nevertheless, some interesting physics may bs seen in 

the results in Table 3. We have already shown that the cycl~ne motion 

under a constant basic state is comprised of an advection of the 

cyclone's vorticity field by the basic current and a beta affect. 

Introducing a cyclonic wind shear moves the maximum vorticity advection 

to the right front quadrant of the cyclone and also slightly increases 

the beta effect (since the southerly component of the basic current is 

weaker on the western and stronger on the eastern side of the cyclone). 

Bat the vorticity advection is largest so the cyclone turns to the right 

and slows down. Introducing an anticyclonic wind shear does the 

opposite and turns the cyclone to the left in a similar fashion, though 

we note that the concomitant weakening of the beta effect reduces the 

leftward deviation considerably in the northeastward moving case. For a 

downstream speed divergence the cyclone experiences a stronger vorticity 

advection in the front and speeds up; downstream convergence slows the 

cyclone down. Downstream confluence weakens the beta effect and thus 

turns the cyclone to the right and slows it down. By comparison, 



TABLE 4 

4 .  

Motion of a typical ~orthern~~emispheric cyclone using Eqs. (24) and (25) for differing basic currents which 
average to two constant 'steering currents'. The numbers in brackets indicate deviations from the motion 
under a constant basic state configuration, a ~ositive number i n d i c a t e s  a l e f t w a r d  d e v i a t i n n  nr hi2her - - 
speed . - 

CONFIGURATION OF BAS1 C CURRENT TOWARDS BASIC CURRENT TOWARDS 
BASIC - CURXUZNT - NORTXIVEST I - NORTHEAST 

. >. - 
t < - .- 

e u STEERING CYCLONE STEERING CYCLONE 
-- -MOTION -CURRENT EiOTION 

q z .  $ ., 
b .* 2 a -1 v (m s-'1 -1 

V,(m s 1 em a VB-(m s 1 8 -1 
C -m- V C ( m s  1 

Constant 045 5 054(0) 6.8(0) 315 5 347(0) 3.8(0) 

Cyclonic Wind Shear 045 5 033(-21) 5.9(-0.9) 315 5 306(-41) 2.6(-1.2) 
.- of 5 m s-'/450 km, * .. t : + P- tr 

3 e - . % 

- m 

Anticyclonic Wind:: 045 . . 5 069(15) 7.0(0.2) 315 5 353(6) 3.5(-0.3) 
L 1 

Shear of 5 m ~ - ~ / 4 5 0  km -. 5 c w  . # y . ;  
. . I -  b 

- * 
Downstream Speed 045 5 ' 051C-3) 11.7(4.9) 315 - 5 328(-19) 7.7(3.9) 

-1 - .. 
Divergence of 5 ms /450km E 7. 

i- 
Z 

' v . 
Downstream Speed 045 5 2)'78(24) 1.9(-4.9) 315 A 019(32) 1..;(-2:3) 

-1 L Fr. : p Convergence of 5 ms /450%m IEI ! ? k -  - h 

Downstream Conf luenc, 045 5 052(-2) 6.3(-0.5) 315 5 337(-10) 3.3(-0.5) 
Angle of to0 - r .  

rC; 
P # C 

049; Downstream Dif fluence 5 062 ( 8) 7.5(0.5) 315 5 003(16) 4.7(0.9) 
Angle of 10' 



downstream diffluence increases the beta effect, turns the cyclone to 

the left and speeds it up. Finally, introducing an anticyclonic shear, 

downstream speed divergence or confluence stabilizes the cyclone motion, 

cyclonic shear, downstream speed convergence or diffluence destablize 

it. 

6 ! u  
z * ;  ' f 3 :  

d) Forecasting Implications 

Of all the problems in tropical cyclone forecasting, motion is 

probably the most important. This is evidenced by the considerable 

effort that has been expended on developing the current wide range of 

statistical and numerical techniques (see eg., W.M.O. 1979). Yet, in 

any situation these techniques are best characterized by the diversity 

of answers that they provide on whither the cyclone will go, 

Forecasters cope with this diversity by recalling from experience which 

techniques work best in specific circumstances or using statistical 

techniques to stratify the forecast techniques (see eg., Neumann and 

Pelissier, 1981). But, by comparison there have been very few serious 

attempts in the past generation at discovering why, and how a cyclone 

moves, especially with regard to the differing ways that cyclones of 

different characteristics may interact with their basic flow. Perhaps 

simple studies such as the one outlined here can provide some of the 

answers; they can certainly ask some questions. For example, much of 

the lack of progress in improving motion forecasts in recent years has 

been blamed on the deterioration of, or ultimate uncertainty in the data 

base, particularly in low latitudes (Neumann, 1975; Bell, 1981). Yet, 

it is equally possible that the remarkable success of simple persistence 

'and climatological techniques in these latitudes (see, e.g., Neumann and 

Pelissier, 1981) is as much related to our demonstrated motion stability 



of westward moving cyclones. Even with perfect data, sophisticated ., :,; I>!. 4 
techniques which do not incorporate this stability will be hard pressed 

to b g ~ t  pexsistence. By comparison, we would expect persistence and 
Y, r.!; *; "9 

climatology to perform poorly for the more unstable northward and 

eastwarl moving storms, and Neamann and Pelissier confirm this to be so. 

Ma:iy statistical teohnique,~, c2rrently incorporate a number of 
5 , L'W 

stratifications (region, westwardleastward moving storm, slowlfast 

s$prm). We hope that the results presented here, or further refinements 
, , 

iil ,, 

thereof will provide a solid quantitative basis for stratifying future 

statist::cal techniques. We also consider the basic approach described 

in sect:.on 5 of using a quasianalytic technique ,initialized on immediate 
, '1.*5.! 

/ . . I ,  . . I  - I 

past da1:a has some potential for forecasting and plan further research 

in,this regard. 
I I .  
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7. Conc lus ions 

Cyclone motion has been investigated via analytic and quasi- 

analytic numerical solutions of the vergent barotropic vorticity 

equation on a beta plane. By using this approach we have shown that the 

observed deviations of cyclone motion from its basic, or 'steering' 

current may be explained as an additional west to northwestward 

component resulting from an interaction between the convergent cyclone 

and the meridional gradient in earth vorticity. In this reg3rd the 

cyclone may be compared to a circular, convergent Rossby wava. We have 

also shown that the poleward drift of a cyclonic vortex on a beta plane, 

described by Rossby (19481, is actually a poleward flow throigh the 

cyclone. It is thus incorporated in the basic flow by definition. 

Some preliminary implications of the results of this th:ory to 

determining cyclone motion have also been presented. In particular, we 

have indicated that the direction and speed of the basic current, 

asymmetries in this basic current, and the degree of convergxce into 

the cyclone may be important in defining its relative motion. For 

example, we have shown that westward moving cyclones are quite stable 

and are only marginally effected by fluctuations in the basi: flow, 

whereas northward and eastward moving cyclones are unstable ind may 

undergo large motion changes for a similar range of fluctuations. The 

weaker the basic current speed the more erratic these cyclon? 

fluctuations will be. 

We plan further research to expand this simple theoreti:al 

approach, to quantitatively determine the applicability of tie above 



conclusions t o  individual tropical  cyclones, and t o  examine the 

f e a s i b i l i t y  of improved forecasting techniques based on the r e s u l t s .  
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LIST OF SYMBOLS 3 . i%! 

Constant which def ines  the  cyclone i n t e n s i t y  

Cor io l is  parameter 

F r i c t i o n a l  d i s s i p a t i o n  

Unit vector  i n  the  l o c a l  v e r t i c a l  

Pressure 

Radius 

Effect ive  radius  

Radius of maximum winds 

Time 

= d r l d t  Radial wind component 

Symmetric r a d i a l  wind component 

= r de ld t  Azimuthal wind component 

Symmetric azimuthal wind component 

= dyldt  Northward component of the  t o t a l  wind 

Wind ve loc i ty  

Basic current  speed 

Beta e f f e c t  component of cyclone speed 

Cyclone speed of motion 

Eastward component of the bas ic  current  

Northward component of the bas ic  current  

1. Eastward ordinate  
2. Constant which def ines  the  shape of the  azimulhal wind p r o f i l e  

Northward ordinate  

Angle the bas ic  cur ren t  tenders with due north 

- af  - -  
a Y 

Meridional v a r i a t i o n  of Cor io l i s  parameter 



Tangent of the constant inflow angle 

a v ~  - -  y o p r  erad I - a v Meridional component of vergence 
-, 

I doll .xII ..(a& M ~ I I ~ X  

a v ~  I - -  - ax Zonal component of vergence 

Azimuth, measured counterclockwise from due north 

Direction towards which cyclone is moving 

-- -. 
Vertical component of relative vorticity 

Symmetric part of 6 

= - -  a'~ Meridional contribution to r, a Y 

a V ~  = - -  
ax 

Zonal contribution to 5 

- - Vertical motion in pressure coordinates d t 
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