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ABSTRACT

The role of vortex structure in tropical cyclone motion
is studied using a moving-grid, nondivergent barotropic
model on a § plane in a no-flow environment. 1Initial
condition sensitivity tests reveal that the northwestward
"beta" drift of the vortex is controlled by the symmetric
circulation in the r = 300 - 800 km "critical" annulus.
Enhanced cyclonic or anticyclonic flow in this critical
annulus leads to long-term cyclonic or anticyclonic turning
motions. The dynamics of the motion process is examined in
terms of the symmetric and asymmetric circulations. When
the vortex is moving in a quasi-steady manner, the
asymmetric flow appears as a pair of large-scale, counter-
rotating gyres with a broad "ventilation" flow through the
vortex center. A second much smaller pair of gyres is also
found near the center. It is the interaction between these
two sets of gyres and the symmetric flow that governs the
motion process as revealed by a streamfunction tendency
analysis and dynamical sensitivity tests in which the model
equation is modified during the integration. Beta drift can
be described as a balancing process between linear Rossby
dispersion which generates the asymmetric gyres and
nonlinear advection that moves the vortex to limit gyre
development. Vortex structure is the key to this balance as
it determines both the linear generation of the asymmetric
forcing and the nonlinear interaction between the symmetric
and asymmetric circulations.
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sxmmetg c streamfgnct on {contour interval of
200x10 T’/si depicts the scale of the symmetric
vortex circulat

4-9 Inertial stabjlity araTetir gt t = 72 h. The
radiys of maximum wind is 1ind

oniotonoaocooiocooOoooloooooo.oo

cated by the heavy

Vertlcal lineoono.'.o.ll...............‘.. lllll 000000105

4-10 Conceptual plot of the ventilation_flow as a
function o sgeed of movement for linear Rossby
dispersion an
descrptlon in text).Q...I'....'.........l‘l..'.

4-11 The symmetric flow (vectors) and the asymmetric
vorticity (contoured) at t = 72 h for (a) e
basic yortex, (b) e weak-large vortex, (c) the
cyclonic perturbation yortex and (d) the
anticyclonic perturbation vortex, he domain is
640x640 km and the vectors are plotted at every
grldpolnt'....'...l.....".I....I..l.......'l..

4-12 The asymmetric streamfunction y, (m?/s) for the
weak-large (B3), cyclonic pertu%bation 588) and
the anticyclonic perturbation vortex (S9). The
pleot domaln is 24 2x2400 km (Ax = 40 km, 21x61

rid points). Positive (s¢lid) and negative
long-dashe % contours , indicate anticyclonic
cyc onlc) sreamfunctlons.l.I...........O..l.'.

4-13 The total streamfunction tendenc TT
(nondimensionalized) at_ (a)_ 3h, b 1i h, (c) 36
h and (d) 72 h). In all subsequent figures of
streamfyunction tendencies, ,positive {negatlve)
values 1nd1ca§e anticyclonic (cyclonic) “changes.
The plot domain is the same as 1n Fig. 4-12.....

4-14 Streamfunction tendency due to the motion of the
total vorticity field %nondlmensio alized, see
text for definltion) at t = 72 h (|d¥/dt|pax ~
0.80, contour interval = 0.10)...... cssessesccns

4-15 Relative total tendency formed by removing the
motion tendency from the total tendency at (a) 3
h, (b) 12 h, (c) 36 h and (d) 72 Nececevcncanans

4-16 Total linear tendency at (a) 3 h b) 12 h
(c) 36 h) and(?gg 72 hon¥ (a) ) .

4-17 The total nonlinear advection tendency (TA) at
(a) shand (b) 48 h....... ........ ® & 0 @ O & ¢ 0 " " 0 00

4-18 The relative total nonlinear advection tendency
at (a) 6 h, (b) 48 h and (c¢) 72 h..ccccecenees .o

4-19 The s etric component of the term at (a) 6 h
and (D) 48 ho.oonp A (a)

S etric tendencz calculated with finite
differences from the fields at two different

t ge?byifg ﬁhe model equation valid at (a) 6 h
and (b) 48 hevveveveveee cececsecsssccanea sececaae

4-21 The asymmetric _component of the term at (a
h, (b) 24 h and (c? 72 h A (a)

..... ® ®© 0 009 9 0 0 000800 0 08O e e S0
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4-24

4-25

4-26

Advection of symmetric vorticity bx
asymmetri flow at (a) 3 h, (b) 6 (c) 9 h, (d)
and (e) 72 h......I........Q...‘..'.I.'....'..0.157

Advection of asymmetric vorticity g
symmetr c (AAVS¥mmlow at (a) 6 (b) 9 h, (c) 12
() and (e ...O..................QC.I'..162

As in Fig. 4-23, except for hea smoothing in
ther<gsoméegion?.........??...’.....?.l....l...lG?

Magnitude of the ventilation flow vector compared
to " the speed of vortex motion for the Bl vortex......175

Direction of ihe ventilation flow vector compared
to the direction of model motion in the basic
vortex experiment....ccccceeeccssscccsccscsccccsccccs 176

ymmetric flow from the linear solution for the
basi c (B}) vortex at (a) £t =24 h and (b) 72 h.
The omain on a 51de and the grid
p01nts are g cated b tick marks. “The
maximum velocitles 1n a) an (b) are 5.3 m/s and
11.2 m/s..'.........'...‘..Q..l..'.....'....... ...... 186

Magnitude of the ventilation flow vector Tpeed

for the linear solutions of the four vortices.

The vortex number gh Bi for ba51c, see Table

3-2) 1s indicated 1in € flgure..ccccececcecccccscceces188

Ventilation speed versus integration time asg the
a/b ratjo, which_controls the relative magnitude
of nonlinear-to-linear effects, 1s varied for the
basic (Bl) vortex for (a), b = 1.0 and a 1.0
relative y greater linear effects% and (b), a =
.0 and b N tice that ime axis’ runs
rom t = 0 - 288 (b) and from t = 0 -~ 144 h

n a-oo...o.......'...ooloo..oo...ooooooooo-oooo100190

Tracks from the anticgclonic erturbation vortex
(S9) 1ntegrations w1 ng a ra 1o. The

hurr cane s lott d ’
(2, 0S3E091 1 0} S Paln) everg : (o 25 1 &
solid (0 56 1 5 (s o - as , and

phy sical ly correct’ model in (c) the

nonlinear effects are relatively greater (a,b) =
(1. ,o 10) (sol d).............l.'............'...".193

Tracks from the cyclonlc perturbation vortex (S8)
for éa) the hys call{ correct (a { 0,1.0)
and for (b) ? ( 0.10) soiu 1ons.............195

The ventilation s eed function for the basic (Bl)

vortex. pairs for each of the nin
exgeriments is in icated at the end of the lines
radiating from the 2 in. These lines have a
slope equal to the invérse of the a/b ratio and
f resent how the ventilation speed would vary

w vortex motion 1f there was a perfect

relati onihip between ventjlatjon flow and vortex
translat on. The heavy line 1s for the

ghgs call¥ correct mode. The dots on each line

icate the steady-state ventilation speed for

each (a,b) experiment and the + corresponds to

the steady-state speed of vortex motioN......ce0.. ...196
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5=7 As in Fig. 5-6, except for the weak, large (B3) XX

vo ex‘..........‘........'...O.....I....l..“....0.'200 *

5-8 As in Fig. 5-6, except for the basic (Bl vortex e
(soiid and the c clonic (dash-dot) and 1%
clonic (da ed) symmetric perturbat on s

vort es.......O....OICO'..Q.......l.....’....‘......201 ’

- s

5-9 facks to 144-h for the full model initia ized o
the analytical s etric vortex (solid; with iy

a hurricane s¥mboi g irx the nonl near- W

only integration initializad Alieh En M

s ort-dashe diamonds) and 24-h (long- ashed W

I g les) 1 hear solut ons. e end points are -

B ?hted to eléghas ze the differences in the b
etrac II..0...0..'.'....'.'.00...206 ...Q

r solut ons that a e used as
cond tion for linear-only integrations. A
The oma n s 2000x20¥0 km, (AX = 40 km, A
51x5 d po nts) with the d points indjcated

g 1c marks on the border. _This doma is .
used n all subsequent figures unless otherwise o

noted....o..oo..o.....n.l....o.o.oo..c.....'.o.‘otoo 212 .‘.',

5-10 Aine ymmetric streamfunction fields fioT ihe 24-h e

\

5-11 Asymmetric stre?mfuncti n fieids for the e
nonhlinear-only tegrat on initialized with the o

24-h l near solution for the Bl vortex in Fig. 5- i
loa........I...I.....l.......Q.....'..0.000000'000000216 .

5-12 Relative asymmetric flow for the nonlinear-only O
ntegration initialized with the 24~h linear .
solution for the Bl VOrteX.....cceececcscccccscsnssss 221 31

5-13 Track from the 288-h nonlinear-onlx integrations '&
1dashed% com areg to the 144-h ful . AN
ntegration ?sol d) for (a) the basic vortex; (b) D |
weak-large vortex' (c) ¢ycloni¢ perturbation "
vortex; the anticycloni¢c perturbation )

Vo ex zmbo on the tracks in icate the el
osition e h and the 144 721 and 288 N

1441 posit g in the nonlinear-only (full s

model) are highlighted........ccceeeeeecoccccccncacas 227 o

5-14 Asxmmetric strgamfunction for the nonlinear-only ]
ation initialized with the 24-h linear 3

solution for the cxc onic perturbation (S8) iode
vortex (in Fig. 5-=10C) .cciicieccccccccoccacsscscsnnnas 232 i,

5-15 Track to 72 h using the full model equation )

(solid, hurricane symbol every 12 h) "and using R
the reViseg model equ at on in which the advection ii
of sxmm c vortic1ty by the as etric -
has been eljminated (short- ash d) Panel &.

s for the basic vortex (Bl % A 1s for the ot
weak-largi vortex (33& c) is o the c¥clonic- 8
urbation vortex (58) and (4) s for o}
ant cyclonic-perturbation vortex (S9).ccescescecccnas 241 ﬁ{
5-16 i in Fig. 5-15, except for the revised model -
th the advection of asymmetric vorticity by the ) v
symmetric flow (AAVS) ellminated. Panel {a is ¢
for the Bl vortex and (b) for the B3 vortex. The W
72-h positions are highlighted.......... ceesssecssaas 245 Y
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5-17

5-18

5-21

As¥%metiic streamfunction fields for the Bl

vortex in e revised model expe ?ent Bl with

the advict on of as etric vorticity by the

symmetric flow eliminated....ccccccececccccccocccecsec2d?

Tracks to 72 h for the full model (solid) and
Exp. B2 (short-dashed) and Exp. D2 (long-dashed).
In Expi. B2 and D2 the advectlion of as etric
Vo city by the symmetric flow (AAVS) is
el nated outward of r = 400 km. The initjal

vortex for Egg. Bi comes from the analytical

symmetric vg ex 1n Exp. B2 and for Exp. D2 comes

from a previous_ integration and theiefore

contains a model-generatid asymmetric

circulation. Panel (a)_is, for the weak-large

vortex; éb) for the cyclonjc perturbation vortex;

and (cf or the anticyclonic vortex.......c.ceceee0....254

As in Fig. 5-18 except that AAVS ii eliminated
outward O0f r = 200 km._ £ Panel (a) 1s for the
basic vortex; and (b) is for the weak-large

voO ex........o-o.o..........ooo.on.l..oe...oco ...... 259

72-h tracks for the full model (solid) and Exp.
A2 (short-dashed) and Exg. B2 ( ong-dashidi. In
Exp. A2, the advection o symmetiig vorticity b
the asymmetric flow (ASVA) 1s eliminated outwar
of r -t4 0 kmrgndi%n EXPéth the gdyec%lon ?ﬁA s
symm c vortic e s etric ow
gs elfminated outwa%d gf r= Xoo km. The initxal
vortex comes from the analytical symmetric
ortex. Panel (a) is for the basic vortex; (b)
8 for the weak-laige vortex; (c) for the
cycionic perturbation vortex; and (d) for the
anticyclonic vortexX.....ccccceececcccessccccccssancssa262

Asymmetric streamfunction for the basi¢ (Bl
vortex {or Egg. A2 in which the advection o

symmetric vorticity by the asymmetric flow is
eliminated beyond ¥ =400 K. . cccceceecccccncccnsans «.267

Track forecasts to 288 h for the basic vortex

solid), the cyclonic perturbation voriex (short-

ashed) and the anticyclonic_perturbation vortex

(long- ashedl. The s ois plotted along the

track indicate the position every 24 h...............272

As in Fig. 6-1, exiept for the Bl (solid) and the
weak-large B3 vortices (short-dashed)......ccceccee..273

Tangentigl win rofiles in the ultra-lgn
ntegrit ons w fhe basic vortex (solid the
clon perturbation vortex (short-dashe 5 and
e anticyclonic perturbation vortex (long-
dashed) at (a) t = 0 h; (b) t = 72 h; (c) t = 144
h; and (d) t=288...0......0.'...0-....... .......... 275

Iangential wind grofiles during the ultra-lon
ntegration for the weak-large vortex at t =

5301 d), at £t = 144 h (short-dashed) and at t =
88h(iong-dashed).0....00.....l.'.............'....277

A comparison of the basic vortex ind the weak-
large vortex tangential wind profiles at t = 288

‘..o...n..o-o..ooo...o'..o....n.o.l.o..oo.ooooooo--oz78
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Ampljitudes (small numbers) of the 2-D modes of

thg in!tgal(str antunctfo& tgr the basic Bl
ortex. The units gre }0 m‘/s8 with a contour

¥nt1rva1 of 10 (x10°) m‘/s. e mode numbers are
ndicated on the aAXeS....ccccccoescccccccscscscssssecc286

1-D :gicira calculated from the 2-D spectrum of
the tial streamfunction for the basic Bl
vortex....‘..............l.....'..'..l...ll.... ..... .287

1-D spectra of the basic vortex in which all

icilg < 500 have been removeg for éa; the

nitial condii ong and (b) ,the filtere 2-h

solution. This filtering is used in Exp. Fl......... 290

As in Fig. 7-3a, except for the other model
emrinents...'.............................l........292

Initial streamfunction (n;/s) for thf unfiltered
and £ teied eriments for the basic vortex.

The gr s indicated by the iick maiks ind the

domaln is a 2000x2000 km This domain will be

used in all subsequent figures unless otherwise

noted. The hurricane s ol denotes the center

of the vortex.....cccc.. escesceesscscessecssseanese e 298

Taggential {m s) wind profiles for_the unfiltered

ex (solid the small scales (long dashed),

the medium scaies (dotted ind the large icales
(short-dashed). Panel (a s for the basic

vortex 811; (b) the w ak-lagge vortex (B3): (c)

The cyclonic perturbation vortex (S8); and (d)

the anticyclonic perturbation vortex (S9)............307

1-D :ge tra for the basjc vortex at ¢t = 72 h from
the filtered integration (dashed) and the t =
72 forecast rome¥nit al conditjons with

medium-scale filtering (dots, S0lid)...ccceccecccccce. 309

Tracks to 72 h for (a) the basic vortex and for

(b) t?e cyclonic urbation. The unfiltered

case is solid (hu cane symbol eve 12 '

large icales filtered case is short-dashed

(as ef sks every 12 h) and large scales retained

case is long-dishe line {g amond every 12 h).

The 72-h position is highlighted............... cecses 310

Initial tangential wind profile (m/s) for (a) the
basic vortex and for é?l the cyclonjc
pertur?at on. _The un tered case 1s solid, the
case with the large scales removed is short-

dashed and the case with only the large scales

retained case is long-dashed.........cccceeeceeccccnn 312

Congarison of e 72-h track from the linea
lonhg-dashed, diamonds every 12 h) ang nonlinear
s?oit-gasheé asterigks eve 12 hﬁ ntegrations
nitialized with the laige scales (Exp. F4) only

and the nonlinear solution with the unfi}tired

vgrtex (the basic vortex). The 72-h position is

hghlighted...iltooootnto ......... *® & 5 o ¢ & ® & & & & & ¢ 5 0 9 0 314

Sxmmetric streamfunction after 72 h integration
frthe bascvortex ...... ® 5 5 & & 5 6 & 5 9 5 6 5 O P SO0 N 0O E e e s 316
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7-12 PForeg¢ast tracks to 72 h for the unfiltered vortex ?
(solid, w hurricane symbols eve 12 h the e
no small scales (Exp. F1: short-das ed, with
asterisks eve 2 h), and for Ehe ng medium ,9
scales (Exp._ F2; 1gng-dashed, w diamonds every '
12 h). Panel (a) 1s for the basic_ vortex:; ‘
the weak-large vortex; éc) the cyclonic
perturbation vortex; and (d) the antjicyclonic "
girtu ation vortex. The 72-h positions are

ghl ghted..............Q...I....................l..320 '!)

7-13 The 36-h asymmetric streamfunction for the S8 4

VO ex......o...l..o....‘.o.o.Qo000000000000.00000000324 ..!‘

7-14 Taggential Yind profiles tir the unfiltered basic »
vortex (solid), a vortex with scales < 500 km 3
removed (short-dashed, scales < 300_km removed ﬁ

(lonq—dashedl and a vortex with scales < 150 km
removed (dotte

7-15 Forecast tracks to 72 h for the unfiltered vortex v
'sglid with hurricane symbols every 12 h), an )
thg a ¥ d )

\)

d)l................'...................329 §

i vortex with scales < 150 km remove

s {t-dashed, v astericks every 12 h) and an

initial vortex with scales < 300 kin removed .

;long-dashed; with diamonds every 12 h)._ Panel !
a) is for the basic vortex; (b) the cyclonic o

perturbation vortex; and (cf the anticyclonic .

perturbatlonvortex.O....'...........l..'.......l.‘..331 ...

[ Wy

7-16 Steady-state sgged of motion as a fgnction of the }!
percehtage of e total vortex amplitude projected 0
onto the large scales from Table 7-3.....c¢cc00ce....334 X

(N

A-1 Illustration gf finding an extrema of g fgnction 'h

using the derivat Ye. e large dots 1indicate W
. the lindrical qrid points (AY¥ = 20 km) and the S
astgr sks subgrid points (Ar = 5 km). The 9
derivative at the subgrid points is evaluated -
using a c spline and e zero valuT (the -
extre?a) i found by linear interpolation between )
sumrdpo nts..ll...l...........l........'..‘.....‘.352 .:‘
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I. INTRODUCTION

4 The dominant concept in the theory and forecasting of
o tropical cyclone motion is "steering."” The essential nature

et of the steering process can be represented by the motion of
N a "leaf on a flowing stream;" i.e., the leaf is bodily

ﬁ carried along without interaction with the stream’s steering
ﬁs current. This analogy has been applied to the motion of

iﬁ tropical cyclones with surprisingly (considering the complex
B physics in these cyclones) good success. The studies of

;ﬁ‘ George and Gray (1976) and Brand et al. (1981) clearly show
;: the existence of a statistically significant relationship

ﬁ' between the mean (over many storm cases) tropical cyclone

R motion vector and the much larger scale, mean flow vector.
gk . As pointed out by Chang and Madala (1982), the standard

ﬁv deviation of the difference between the storm motion and the
gﬁ large-scale flow vector is much greater than the average of
. this difference. This implies that on a storm-by-storm

;3 basis the mean relationship is not strong, and that large

3

deviations of the storm motion vector from the surrounding
Y larger-scale flow are possible (Bell, 1979).
The real-data analysis of Jones (1970) is a good
? illustration of how this discrepancy can occur. 1In his

&x study, the flows "inside"™ and "outside" a hyphothesized

I& interaction radius were compared to the storm motion. Large
T discrepancies were found, particularly between the motion

- and the inside flow, which suggests a radial dependence on
E: the motion-steering flow relationship. Jones (1977) studied
{; the vortex motion in a numerical model and showed a similar
\ radial dependence between the motion vector and the

f\ environmental flow.

l‘.
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There are two explanations for the large standard i

deviations and motion discrepancies noted above. Either the N
steering flow and the storm motion are poorly defined and/or ,
inadequately measured, or the implied simple point steering )
relationship is not as reasonable as the mean statistics -

suggest. Both sources of "error" are probably contributing o
to the large standard deviations. Neumann (1979) B

illustrates the difficulties in defining both the horizontal ®
steering current and at what level the steering process is £
operating. Certainly the lack of observations is a g
significant contributor to the uncertainties in the tropical 4

cyclone-steering relationship. However, tropical cyclone
motion is more complex than a simple relationship to some b

mean flow at a single (or integrated) level. -ﬂ
First, the separation of the tropical cyclone scale of fﬁ
motion from that of the "environment" is not as simple and
clear-cut as steering theory would imply. More importantly, R
the tropical cyclone is not a "solid" vortex being "pushed" E¢
along by some "steering" stream. In reality, the storm ué
interacts with its environment in many ways. Therefore, the b
fundamental physical problem is how this interaction occurs. f
The particular goal of this study is to understand how the :i
]

structure of the tropical cyclone contributes to the motion. ¥

A. CURRENT UNDERSTANDING e
Observational studies of the dependence of motion on '%
structure have mainly been based on composite studies. The h
most notable is Chan (1982). Although his results are
mixed, it can be seen (i.e., Table 4, Chan, 1982) that the 3
variations in the differences between the steering flow :2
vector and the storm motion vector as a function of cyclone -
size (e.g., radius of 30 kt winds) and intensity (e.g.,

maximum wind speed) are greater than for other j
>
stratifications (e.g., speed of motion). N
N
]
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In contrast to the limited observational evidence, the
motion problem has received considerable theoretical
attention and these theories invariably involve some
dependence on tropical cyclone structure. The earliest
motion theories assumed very simple models for the tropical
cyclone structure. The poleward drift of a symmetric,
cyclonic vortex in solid body rotation was first deduced by
Ferrel (1859), although this discovery has been attributed
incorrectly to Rossby (1948). Other examples of this type
of vortex model include Yeh (1950) and Kuo (1969).

Significant improvements in tropical cyclone motion
theories occurred in the 1950’s, as highlighted by the work
of Kasahara (1957). Although the motion solutions were
derived from a physically more realistic basis, the vortex
necessarily was kept simple. In fact, the only dependency
on storm structure was represented by a size parameter and
the vortex (as well as the environment) was assumed to be
barotropic. Extensions of these barotropic, analytical
theories to a baroclinic atmosphere (Kasahara, 1960) did not
address the role of structure in the motion process.

Recent developments have expanded and clarified the
problem. Holland (1983) and Chan (1982) analytically solved
the barotropic vorticity equation with a vortex profile that
more explicitly demonstrated how cyclone size influences
motion under simple environmental flow conditions. DeMaria
(1985) examined the same problem with a numerical barotropic
spectral model. The advantage of DeMaria’s spectral
approach was that the arbitrary scale separation (large-
scale environment and small-scale vortex) necessary in
analytical treatments was avoided, and the inherent aliasiag
of finite difference models was reduced. While DeMaria’s
results tended to confirm the findings from the simpler
models, he also demonstrated that the impact of storm size
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on motion was a function of the base state (large-scale
flow) vorticity gradient.

Most recently, Chan and Williams (1987) have examined in
more detail the underlying barotropic dynamics of tropical
cyclone motion. They have shown that the nonlinear
advection terms in the barotropic vorticity equation are
required for significant displacement of the vortex center.
The primary role of the so-called 8 term is to force a
wavenumber one asymmetric distortion in the initially
symmetric vortex by the Rossby wave dispersion effect. The
linear g effect does not cause the storm center to move.
Rather, the storm is advected by the linearly-induced
asymmetric circulation. They also examined how the motion
depends on the shape of the initial vortex tangential wind
profile and found that larger storms have greater motion or
"beta drift."

Experimentation with baroclinic numerical models has
been surprisingly limited. Hovermale (1980) does highlight
how different structures (again size) can have significant
impacts on the track and that the sensitivity depends on the
vertical shear of the large-scale flow. Mathur (1987) has
extended Hovermale’s work using a more sophisticated
hurricane model and reported similar sensitivity to cyclone
size.

Important findings and areas of needed research may be
summarized:

of beta drift on storm factors has been
demonstrated, but the dynamical reasons behind the
response are not well understood;

(i) Current theory is rimaril¥ barotropic. Dependence
Q

(ii) The nonlineai effects generate motion in response to
asymmetric distorting forces (e.g., B):; and

(iii) The dependence of the nonlinear effects on vortex

characteristics and the distorting forces is
unknown.
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From this brief review, it can be seen that many
important scientific questions need to be addressed.
However, there is more than just academic interest in this
problem, as two recent notable failures of two operational
dynamical forecast models illustrate.

Supertyphoon Abby of 1983 was the most significant
cyclone in recent memory with regard to impact on DOD
operations. The forecast errors (mean great circle distance
between the forecast and verifying position) of the Joint
Typhoon Warning Center (JTWC), Guam were fairly typical, but
the track errors (distance from the verifying position to
the track) were larger than average and had the effect of
placing nearly all of the DOD assets in the western North
Pacific on alert. The JTWC forecasts were consistent with
the guidance from two dynamical models: (i) the One-way
influence Tropical Cyclone Model (OTCM) (Hodur and Burk,
1978); and (ii) the Nested Tropical Cyclone Model (NTCM,
version 2.0) (Harrison, 1981). Abby was a very large
typhoon and the inability of the two models to properly
simulate this size of cyclone was thought to be a partial
explanation of the forecast failure. Fiorino (1985a) and
Chan (1986) provide a complete discussion of this important
storm. The main point is that the structure of Abby was
apparently a very significant factor in its track.

Another operationally important case was tropical storm
Narda in the eastern North Pacific (Fiorino, 1985a). Narda
was a very shallow storm with weak winds and little
convection. As Narda approached the Hawaiian islands, the
NTCM consistently predicted a turn to the north, even though
Narda was tracking with the northeast trades. The NTCM is
initialized with a 60 kt bogus and uses a heating field that
maintains a deep circulation. The inability of the NTCM to
predict such a shallow storm explains part of the model’s
erroneous prediction. Although Narda was clearly not a
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dangerous cyclone, the decision of the National Weather ?
Service to forecast a track over Oahu nearly resulted in an '5
unnecessary evacuation of all Navy ships from Pearl Harbor! ,f
The Abby and Narda cases demonstrated that storm l’
structure needs to be more fully considered in dynamical :ﬁ
forecast systems and in operational forecast preparation. ?%
This opinion was strongly endorsed in a planning meeting on 55
dynamical tropical cyclone models during January, 1985 !-
(Elsberry and Fiorino, 1985). The operational s.
representatives stated that one of the most important C}
features of an advanced tropical cyclone forecast model is A
the ability to correctly (realistically from the viewpoint 2”
of the forecaster) specify the initial tropical cyclone :$
vortex. This desire is not solely based on theory, but also 15
on forecaster experience (as noted above) that structure can Eﬁ
be an important element in track prediction. :E
However, a different sentiment has been expressed by . Ns
some forecasters from the National Hurricane Center (NHC), ﬁ
Miami. According to R. Sheets (personal communication) of . r‘
NHC, "steering is 80% of the problem." Consequently, there Ay
have been great efforts at NHC to improve the analysis of &;
the "steering current." While there is no doubt that r
greater observational density and better analysis methods )
will be necessary for track prediction advancements, Qﬁ
limitations in theoretical understanding of the motion :5
process also could seriously restrict future gains. ‘Q
Research into the role of structure in tropical cyclone :‘
motion can help settle the issue, i.e., is steering 80% of o
the problem, or are storm effects important, and if so when? ﬂ%
H
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Wy B. GOALS OF THE RESEARCH

)
,§ This research hinges on two basic premises:
B
R (i) It is necessary to more fully understand simple
models (dynamics) before studying more complicated
N - effects.
[}
'y (ii) Tropical cgclone motion is essentially a barotropic
W gﬁocess. aroclinic and physical effects can be
.ﬁ . ought of as modifying the” barotropic motion
X process b¥ changing thé storm and, the vertical level
o at which interaction with the environment occurs.
U
%: The literature review has shown that current theory has
vy
:& relied on simple models and has provided insight into the
R. actual dynamics of the motion process. Thus, the first
. premise is well supported. The validity of the second
iw premise has not been explicitly supported and is really a
]
,$ simplifying assumption. However, many participants at a
D
ﬁﬁ recent Planning Meeting on the Theory of Tropical Cyclone
25 Motion (Elsberry, 1986) felt that the barotropic model
KN is a good first-order approximation.
N
;& Given these two premises, the basic goals of this
S research are:
o (i) To more completely understand the dynamics of the
e barotropic motion process; and
‘ (ii) To determjne which features of the vortex (e.qg.,
0 maximum wind, size, total relative angular momentum,
ot etc.) have the greatest influence on motion.
9 ‘ 13
R The research uses three kinds of tools to meet these
W goals: 1) a nondivergent barotropic numerical model as the
"
o dynamical basis; 2) new analysis procedures to diagnose the
motion process from the model solution; and 3) special model
24 adaptations to isolate the nonlinear and linear effects and
‘; interactions between the symmetric and asymmetric
F& circulations.
S Chapter II describes: (i) the numerical model; (ii) the
W numerical precision of the solutions; and (iii) a moving
?Q grid procedure to permit ultra-long (t > 12 days)
"y integrations and to simplify solution analysis. The
t.'
#
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dynamical limitations of a no-flow environment on a 8 plane

(the beta drift problem) are also addressed in this chapter.
The dependence of beta drift on the symmetric vortex

structure is first determined in Chapter III using an

b initial-condition sensitivity approach in which a series of

vortices, which are patterned after typical tropical cyclone

O Y O O N OV IS T Y O Ty

structures, are used as initial conditions in the ﬁ
integrations. The tracks show that the structure of the .

' flow beyond r = 300 km determines beta drift. ;ﬂ

s In Chapter IV, the dynamics of beta drift is examined »

y through a streamfunction tendency analysis of the symmetric ;

| and asymmetric circulations. This analysis explicitly 3

; demonstrates how the symmetrical circulation induces an ‘&

? asymmetric flow via linear Rossby wave dispersion and how @
the asymmetric circulation interacts with the symmetric ﬂ

! circulation to move the vortex. ’?

1 In Chapter V, the concepts developed in the tendency 3‘

4 analysis (which is a "static" approach) are then extended by :ﬂ
directly modifying the dynamical terms in the model Y,
equation. In this way, the nonlinear interactions between l.
the symmetric and asymmetric circulations can be controlled h

' &uring the integration (a form of "dynamical" sensitivity A
analysis). It is shown that the motion process occurs on o
two scales. In the inner=-core (r < 100 km), the advection A
of asymmetric vorticity by the symmetric flow is responsible w

| for the motion of the center. The advection of symmetric :‘

' vorticity by the asymmetric flow, which appears as a P

, steering-type process, moves the larger components of the )

X vortex (100 km < r < 600 km). These two motion processes :J
have varying contributions to the overall motion of the Sf
vortex depending on the strength of the vortex flow in the -~
inner regions (r < 300 km). i$

The longest integrations of a barotropic model of this )
type in previous studies has been 96 h (Kitade, 1981). :
)
NG
N
26 o
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)
3
DO AL Ao o e 0 T, e Loy, AT A T A e e R R A R LRt .l,



Extended integrations presented in Chapter VI (made possible
by the moving grid procedure) indicate that when Rossby
dispersion acts for "ultra-long" periods (~ 12 days), a
common or “universal" profile tends to develop in the outer
regions (r > 300 km). The concept of a "g-neutral" profile
is developed and the possible application to real cyclones
is addressed.

The initial-condition sensitivity experiments in Chapter
III, together with the dynamical understanding developed in
Chapters IV and V, are re-examined in Chapter VII from a
Fourier series viewpoint. In this viewpoint, the initial
vortex is represented as a sum of wave components using a
generalized 2-D Fourier transform. Then scale groups (e.g.,
small, medium and large) are either deleted or retained in
the initial specification of the vortex structure. Model
integrations with these Fourier filtered initial conditions
demonstrate that the largest scales (A > 1500 km) control
the speed of motion and that the medium scales (500 km < ) <
1500 km) determine turning motions.

Finally, a summary and conclusions is provided in
Chapter VIII where the implication of these results to
future theoretical studies and tropical cyclone forecast
models is addressed. The fundamental result of this study
is that the dynamics of tropical cyclone motion are a highly
nonlinear process and that the initial (and evolving) vortex
structure can be a large factor in the motion process.

Thus, it is recommended that greater emphasis be given to
vortex specification (including both the initial cyclone and
the insertion procedure) in future dynamical tropical
cyclone forecast models.
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II. TIHE MODEL AND NUMERICAL PROCEDURES

The dynamical basis of this study is the conservation of
absolute vorticity, which is mathematically expressed by the
nondivergent barotropic vorticity equation. This model
contains the two most fundamental dynamical processes
involved in vortex motion: 1) nonlinear interaction
(advection); and 2) linear wave dispersion due to the
gradient of absolute vorticity (e.g., the g8 effect). Both
processes are critical to motion as shown by Chan and
Williams (1987). Observational support for this model was
given by Chan (1984). The following development is
patterned after Tupaz (1977) and Chan and Williams (1987).

A. ANALYTICAL FORMULATION
The conservation of absolute vorticity is simply

, (2.1)

where ¢5 is the absolute vorticity. Expanding the total
derivative into the local or Eulerian derivatives, (2.1)

becomes
ac > af
— + Vevw +— v =20 ’ (2.2)
at ay

where ¢ is the relative vorticity and the other

variables have their usual meaning. Assuming that the
latitudinal variation of the Coriolis parameter (8 = 3£/dy)
is a constant (the g-plane approximation), the governing
equation becomes

3¢ + Vv + gv 0 2.3
— ¢« ¢ = . -
a1 ¢ ( )
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In this study, 8 is set to a value valid at 15° N. The
initial assumption that absolute vorticity is conserved
implies that the flow is nondivergent. Thus, a
streamfunction (y¥) can be defined to represent the wind
components. That is,

vy =g , (2.4)
and

I d A af
V=k . uvp , or u==-—,6, v= 3; . (2.5)

In comparison to more complex and physically more
complete models, it is important to note that the

nondivergent, barotropic model does not permit mass-momentum

adjustments (gravity waves and geostrophic adjustment) and

does not allow for inertial instability (e.g., Alaka, 1962).

Although barotropic instability is possible, it is not
readily apparent in the vortex motion solutions. 1In

summary, the model is dynamically conservative and can only

represent the presumed dominant effects of vorticity
advection and Rossby wave dispersion.

Applying the streamfunction representation to (2.3) and

rearranging the order of differentiation, the analytical
form of the model to be solved numerically is

2 O 2 N
where J is the Jacobian defined as
2 a¥ a¢ y ag
J(¥,v ¥) = T T - T— =
ax a3y ay ax
a a
= Vv 35 + u Ei . (2.7)
Y X
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Thus, changes in y are due to both nonlinear (J{t,v2¢})
and linear (p3y/dx) effects. Setting the Jacobian term to
zero produces the linear vorticity equation describing pure ,,
Rossby wave dispersion (Rossby, 1939) since the Jacobian
term contains the nonlinear effects of vorticity advection. "

B. NUMERICAL FORMULATIOMN !

Solutions to the full model equation are obtained
numerically using the same methods as employed by Tupaz o
(1977). Only highlights are given here, as the detailed )
description can be found in Tupaz (1977) or Tupaz et al. e,
(1978). .

The model equation (2.6) is solved on a rectangqular, Iy
Cartesian grid with uniform grid spacing. A typical

configuration is 101 x 101 points in the north-south and W
east-west directions with a horizontal grid increment, ax, 'i
of 40 km. The Jacobian term is estimated using the Arakawa ig
(1966) form, which ensures conservation of energy and ﬁ
enstrophy, and the linear g term is calculated using ﬁ
centered differences. Given the forcing function on the ' '
right side of (2.6), the Helmholtz equation for the :$
streamfunction tendency is solved using a direct or matrix .g
inversion method (Sweet, 1971; Rosmond and Faulkner, 1976). EQ
The boundary conditions for the Helmholtz tendency equation ii
(for the Jacobian) are the same as used during the model §
integration (described in next section). The time $ﬁ
integration is then made using centered-in-time differencing ﬁﬁ
and a time step, At, determined hy *he Courant-Friedrichs- }k
Lewy (CFL) linear stability requ .nt (e.g., Haltiner and 4

Williams, 1980)

At 1
c z; s ? ’ (2.7) . o)
&
where ¢ is the phase speed of the fastest moving wave (the &
advecting velocity in this model). These numerical w0y
7
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procedures are fairly standard and produce smooth and stable
results.
1. Ppoundaxy cConditions

The lateral boundary conditions used in this version
of the model are somewhat simpler than in Tupaz (1977), who
specified a zero vorticity gradient at the penultimate row
and y = 0 at the north and south boundaries. In this
version of the model, no slip or a zero gradient of y is
assumed, so that y on the north and south boundaries are the
same as at the first adjacent interior rows. As in Chan and
Williams (1987), cyclic continuity or periodicity is assumed
in the east-west direction. These boundary conditions are
mathematically stable and allow for the shifting of the grid
during the integration.

It should also be pointed out that the north and
south boundary conditions will affect the linear Rossby wave
dispersion. Thus, changes in boundary conditions and domain
size will affect the linear dispersion characteristics of
the model.

2. Moving Grid

A moving vortex in a geographically-fixed grid
complicates calculation of the dynamical quantities relative
to the moving center. Even with a relatively large domain
of 4000x4000 km, a 72-h translation of 1000 km would put the
vortex within 1000 km of a boundary (assuming an initial
position at the center of the domain). The non-uniform
distribution of the model solution relative to the center
would prevent a meaningful analysis beyond 1000 km. Thus,
the model grid is shifted to keep the vortex near the center

IATACIEY

‘ -" I.‘-T{'I‘)‘.‘

,.
A

of the domain, which avoids any boundary contamination of
the solution within 2000 km of the center. Another
important advantage of the moving grid is that extremely
long integrations (e.g., 12 days in Chapter VI) are possible
without the necessity of extremely large domains.
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Since the model lateral boundary conditions are
specified in terms of the adjacent interior values, the
entire grid can be shifted one grid point without losing any
information. Furthermore, the p-plane assumption implies
that the earth’s vorticity gradient is not a function of
position, so a shift in the grid does not change the
external forcing relative to a geographically fixed grid.

When the vortex center moves one grid interval away
from the grid center, the indices of the solution are
shifted one value in the opposite direction. For example,
if the vortex center moved eastward from I = 51 to I = 50,
then the I = 2 (I = 101) value on unshifted grid becomes the
I =1 (I = 100) value on the shifted grid and the storm
would again located at I = 51 (2 --> 1 and 51 =-=-> 50).
cyclic ¥ boundary conditions at I=1 and I=101 are then
applied (2 --> 101 and 100 --> 1) to specify the solution on
the trailing edge. A record of the grid shifts is stored to
permit reconstruction of the track of the vortex relative to
a fixed grid.

Experiments with moving and stationary grids showed
very little difference (less than 1%) in the tracks. The
moving grid procedure apparently does not affect vortex
motion and allows for a simplified analysis of the
solutions.

3. Vortex Center Definition

The center of the vortex may be specified as either

The

the location of maximum relative vorticity or of minimum
Both of the y and ¢ centers are calculated
each hour during the integration. To interpolate for a
center between grid points, the y or ¢ is represented by an
analytical function. The center location algorithm locates
the greatest extrema on the grid as a first guess of the

streamfunction.

vortex position. This estimated position is then refined
using Stirling’s polynomial interpolation function (e.g.,
32
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Gerald and Wheatley, 1984) in the Fleet Numerical \
Oceanography Center (FNOC) routine "MINMAX."™ This routine .
finds where the derivative of the function goes to zero in

an area within one grid point around the first guess.

4. Summary 0
:
]
'l

e e e ey = e

The numerical procedures used to solve the nonlinear

. n A m ee m e

model equation are straightforward and well behaved. The
model has been optimized to run on the CYBER 205

» “!
p supercomputer at FNOC using vector coding. However, vector '
- size limitations and the direct solver make the model

: somewhat expensive for large domains with small grid ~

intervals (a 201x201 grid with Ax = 20 km requires almost
1000 CP sec for a 72 h integration). More advanced

elliptical equation solvers, and perhaps nesting of a fine
: grid within the domain, would improve the efficiency of the

R XA
-

-’—-— -

»

model. Nevertheless, the current model yields satisfactory
solutions for the purposes of this study.

[ AL

X C. NUMERICAL PRECISION
’ It is very important to establish the numerical
precision of the model solution procedures to assure that
numerical effects are not misinterpreted as physical A
4 processes. The key numerical issues are the appropriate

[ %4

grid spacing and the domain size for a tropical cyclone
application, as the accuracy of the numerical methods for
the same type of model has been established from previous
studies (e.g., Chan and Williams, 1987; Tupaz et al., 1978). \
For tropical cyclone-scale vortices, the radius of
maximum wind (RMW) is on the order of r = 40 km \
‘ (Weatherford, 1985) and a grid spacing of 10-15 km would be
required to resolve the inner core with 6-10 points for
reasonable accuracy (Haltiner and Williams, 1980). If a RMW
larger than 40 km could be used, there would be a
considerable savings in computational resources. These
savings would not only reduce execution time, but would also
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allow for physically larger domains without resorting to
nested grids (e.g., Harrison, 1973). Experiments by DeMaria
(1985) and Chan and Williiams (1987) have shown that the
motion of a vortex on a 8 plane does not depend on the
intensity of the inner core. Thus, it would be reasonable
to expect little dependence of vortex motion on the RMW
(scale of the inner core). Therefore, it is important to
perform numerical sensitivity tests with a series of
vortices in which only the radius of maximum wind is
changed.

Domain size restricts the development of large-scale
features through the lateral boundary conditions. If such
features are important to the simulation of g drift effects,
then it would be desirable to use large grids. The array
(vector) size on the FNOC CYBER 205 is limited to 64K words
for high-speed vector operations. For a square domain, this
vector size limitation is equivalent to 256x256 grid points.
Therefore, the maximum domain size for a non-nested grid
becomes a function of grid spacing if advantage is to be
taken of the much faster vector processing.

The first numerical tests determine the role of the
inner core (in the vicinity of r = RMW) in controlling
vortex motion by varying the radius of maximum winds while
holding all other parts of the vortex fixed. Once the
maximum RMW is determined, then the grid spacing is varied
to determine resolution effects. Finally, the domain size
is varied to show how boundary conditions modify the large-
scale features and change the motion of the cyclone.

1. Radius of Maximum Wind Test

The tangential wind profile of the "basic vortex" is
shown in Fig. 2-1. This vortex represents a typical
tropical cyclone with a maximum wind speed of 35 m/s (weak
typhoon intensity) and the radius of 30 kt (15 m/s) winds is
300 km (Williams, 1986). Although the RMW = 100 km is
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5ig. 2-1. The tangential wind profile of the "basic"
ortex.
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larger than typically observed, the inner strength, or the
area-averaged tangential wind in the r = 100-300 km annulus,
is still reasonable (Merrill, 1982; Weatherford, 1987).
Using the vortex specification procedure to be described in
Chapter III, this basic vortex is first modified (Fig. 2-2)
to shift the RMW inward to r = 50 km, which is a more
representative value. This modified vortex is nearly
identical to the basic vortex in terms of inner strength and
size. However, there are small differences within r < 200
km.

The initial model configuration used in the RMW test
has 101x101 points in the east-west and north-south
directions and a grid spacing of 40 km. The moving grid
option is used for all the runs to simplify solution
analysis. The 72-h tracks for the two RMW specifications
are shown in Fig. 2-3. Except for the short-term, small-
scale oscillations in the RMW = 50 km case, the tracks are
nearly identical, especially at 72 h. As demonstrated in
the next section, the oscillations are caused by numerical
errors. However, the basic conclusion is that when the
vortex structure is fixed outside of r = 150 - 200 km (the
inner core), the RMW has no bearing on the vortex track. It
is interesting to note that the maximum wind and the
strength of the flow in the r = 100 - 300 km annulus are not
well correlated in real tropical cyclones (Weatherford,
1985). This is similar to lack of a motion dependence on
intensity.

2. Horizontal Resolution Effects

Some researchers (e.g., Chan and Williams, 1987;
Kitade, 1981) have speculated that the small-scale
oscillations, which have been observed in comparable
nondivergent barotropic models models initialized with
similar vortices, may be a physical effect. The physical
realism of the oscillations is determined by decreasing the
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Fig. 2-3. The 72-h track of the basic vortex with RMW = 100
) o] {solld) and RMW = 50 km (dashed). The l2-hourly
ositions are denoted with an asterisk (RMW = 50 kin) and a
urricane s ol (RMW = 100 km&. The model is configured
with ilelo points and ax = 40 km. The 72-h positions are
highlighted.

38

-

LT .’_'J.\-\f\.:\r"

* "



grid spacing by one half while holding the domain size
fixed, i.e., using a configuration of 201x201 points with ax
= 20 km vice the domain with 101x101 and Ax = 40 km. The
track forecasts from the higher-resolution model for the
same vortices are given in Fig. 2-4. The track fluctuations
in the RMW = 50 km vortex have been reduced, but the 72-h
positions have not changed. This implies that the
oscillation depends on the resolution and thus must be
numerically related. Runs (not shown) with even higher
resolution (Ax = 10 km) confirmed that the oscillations are
strictly a numerical artifact.

As a further test of resolution effects, the domain
size is fixed and the resolution is degraded by increasing
Ax from 40 to 80 km. A grid spacing on the order of 80 km
is typical of operational, uniform-grid tropical cyclone
track forecast models (e.g., the Navy’s NORAPS model (Hodur,
1987) and the National Meteorological Center’s Movable Fine
Mesh (MFM) model (Fiorino et al.,, 1982). The model is run
with the basic vortex (RMW = 100 km) and the tracks are
given in Fig. 2-5. Compared to Fig. 2-4, the tracks for ax
= 20 and 40 km are nearly identical, but the numerically
generated track noise and a slight northward deviation are
found when the grid spacing is increased to 80 km. The
approximately 40 km difference at 72 h with Ax = 80 km
implies that the simulation of the larger scale circulations
is degraded and that this degradation affects the long-term
motion.

Several conclusions regarding resolution can be made
from these experiments. The small-scale (10-20 km) and
short-term (12-24 h) oscillations in the simulated track are
not physical and depend on grid resolution relative to the
RMW (representative of the smallest scale in the tropical
cyclone). That is, as the number of points in the high-
resolution core (twice the RMW) is decreased, the amplitude
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Fig. 2-4. As_in Fig. 2-3, except with a model configuration
of "201x201 points and ax = 20 Kkm.
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-5. Track forecast to 72 h for the basic_vortex using

Fiqg._ 2

mogel configuratlons with 201x201 points, Ax = 20

($ol1dl, with 101x101 points, Ax = 40 km éshort-dashed) and
with 51x51 points, 4x = 80 km (long-dashed). The 72-h
positions are hlgﬁllghted.
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of the track noise increases (compare the RMW = 50 km, Ax =
40 xm track to the RMW = 100 km, Ax = 80 km solution).
Therefore, the smallest scales in the initial vortex should
be forced to match the model resolution to avoid track
noise. This track noise is not necessarily damped in the
first 24 h of the forecast and can lead to long-term
deviations from the numerically more precise simulation.

These conclusions are strictly applicable only to a
nondivergent, barotropic model. Assuming the motion process
in the more complex baroclinic models is primarily due to
advection processes, several implications for the coarse
grid (Ax = 60 - 100 km) operational models may be suggested.
No attempt should be made to initialize a coarse-grid model
with a realistic inner core (e.g., RMW = 40 km) structure.
on the positive side, the fairly successful (relative to the
most precise numerical solution) simulation with Ax = 80 km
suggests that coarse-resolution models may have reasonable
track prediction skill and that higher resolution may not
lead to a significant improvement (Fiorino, 1985b). That
is, the skill of coarse-resolution models may not be
necessarily compromised by horizontal resolution
limitations.

Unless otherwise stated, all tracks will be smoothed
to remove numerical track noise and thus to avoid
misrepresentation of the simulated motion. The procedure
involves the application of a smoother-desmoother operator
(Shuman, 1957) to the hourly (x,y) vortex positions prior to
plotting or motion calculations. An example of the
smoothing is given in Fig. 2-6 for the same experiments as
in Fig. 2-5. Notice how the smoothing has eliminated some
of the longer time scale (24-36 h) fluctuations as well as

the shorter time scales. It is doubtful that these longer term

fluctuations are realistic.
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The RMW and resolution sensitivity tests establish a
"standard" model configuration of 101x101 points with ax =
40 km. Tests with larger grids (e.g., 201x201 points and ax
= 40 km) showed only small differences in the track (< 2%).
However, reducing the domain size did have a significant
effect, as shown in Fig. 2-7, which compares the track of
the basic vortex in the standard model to a grid 51x51
points and Ax = 40 km. Reduction of the domain size from
4000 km to 2000 km on a side results in a westward motion as
the smaller domain has affected the larger scales in the
environment of the tropical cyclone. A similar result was
obtained by DeMaria (1987) with a comparable model using
real data. He suggested that increasing the domain size of
the operational models might correct a common slow bias
problem (Fiorino, 1985b). These results may also provide a
clue as to why the nested-grid operational models (Harrison
and Fiorino, 1982; Ookochi, 1978; and Iwasaki et al., 1987)
have an especially severe slow bias. Although these models
are far more complicated than the one in this research, the
evaluation of the nesting techniques used even simpler
approaches. Thus, a starting point for determining the
source of the nested-grid model speed bias may be in the
first-order barotropic dynamics that all such models
contain.

The two-way interactive nesting procedure (Harrison,
1973) is supposed to provide uninhibited communication
between the grids. A disruption in this communication may
result in an "effective" domain size that is smaller than
the largest grid and thus would cause slower motion as in
Fig. 2-7. Such a reduced domain could slow the motion on
average, especially if the effective domain size is that of
the finest grid (e.g., 1200x1200 km in the NTCM). This
concept is also supported by the domain-size experiments of
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Fig. 2-7. Track to 72 h of the basic vortex using the W
\ standard model configuration of 101x101 points and Ax = 40 !
km (solid) and with 51x51 Ro;nt and ax = 40 km (dashed).
' The 72-h positions are highlighted. )
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DeMaria (1987) for a real-data barotropic forecast model.
He finds the smaller domain sizes result in reduced motion
and suggests that the slow bias may be related to the
limited size of the operational models.

D. SUMMARY

The dynamical framework used in this study is the
nondivergent barotropic vorticity equation on a g plane in a
no-flow environment. Despite the simplicity of this system,
the model does account for the two dominant dynamical
processes in tropical cyclone motion: (i) nonlinear
advection; and (ii) linear Rossby wave dispersion.

Numerical procedures to solve the model equation are
fairly standard. However, a moving grid procedure that
takes advantage of the free-slip north-south, and cyclical
east-west lateral boundary conditions, has been developed to
facilitate solution analysis and to allow for extremely long
integrations of a moving vortex.

The numerical fidelity of the model, relative to the
smallest scales in the vortex, has been established through
a series of sensitivity tests with a vortex representative
of typical tropical cyclone. The first test involves the
radius of maximum wind. The vortex structure inward of r =
100 km has no bearing on the motion provided the vortex
structure outside r = 150-200 km is fixed. The advantages
of using a larger RMW (r = 100 km) than that typically
observed are reduced computational resources and, more
importantly, the potential for larger domain sizes to
minimize possible lateral boundary contamination.

A fixed domain size of 4000x4000 km has been used to
assess the impact of varying the grid spacing. A grid
spacing that provides five to six points in the inner core
(e.g., ax = 40 km for RMW = 100 km) produces a smooth track.
When the number of points is reduced by decreasing the scale
of inner core (RMW = 50 km and ax 40 km), small-scale (1G-
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20 km) and short-term (12-24 h) oscillations are generated.
It had been suggested in previous studies with comparable
models that these track fluctuations may be physical, but
these resolutiorn experiments demonstrate that the
oscillations are strictly numerical. A track smoothing
operator is employed to remove the numerically-induced track
noise.

A coarse resolution model of Ax = 80 km in the RMW = 100
km vortex yields nearly identical results as the higher-
resolution model configurations, except for a small, but
significant (around 40 km) difference in the 72-h forecast
position. These resolution experiments suggest that high
resolution may not be a necessary condition for motion
prediction in operational dynamical forecast models and that
the scales in the initial vortex should match the scales
well simulated by the model. Discrepancies between the
model and the vortex could lead to persistent and
significant oscillations.

Domain sizes less than 4000x4000 km cause the basic
vortex to move relatively slower, which implies a dependence
on the large scales ( > 2000 km) in the simulation . The
numerical accuracy of the model is primarily dependent on
domain size, provided that there is adequate resolution for
the smallest scales of the vortex. In summary, the strategy
used here is to sacrifice the representation of the vortex
inner core (which does not affect the tropical cyclone
track) by using a coarser grid spacing and thereby larger
domains.
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The numerical sensitivity tests described in Sec. II-C
indicated that the details of the inner core (r < 100 km)
structure of the vortex do not affect cyclone motion on a
beta plane ("beta drift"). By contrast, the very large
scales (r > 2000 km) are a significant factor in the longer
term forecasts, as they are influenced by lateral boundary
conditions. In this chapter, the dependence of motion on
the symmetric structure of the vortex is further refined
through a series of initial-condition sensitivity tests. It
will be shown that beta drift is very sensitive to the
tangential wind profile in the "critical"™ r = 300 - 800 km
annulus. Small profile changes (1-2 m/s) in this critical
annulus can lead to large differences in path. Furthermore,
speed of motion is nearly proportional to "outer" strength
(area-averaged tangential wind in the r = 300-1000 km).

The relevant vortex parameters are first defined and a
description is then given of the experiment design. The
track results not only establish the basic dependence of
motion on the symmetric vortex structure, but also establish
the critical scientific issues that must be addressed to
more fully understand the dynamics of vortex motion.

A. VORTEX STRUCTURE
Prior to specifying the primary structure parameters,

some general terms to describe vortex regions are defined.
"Inner core" refers to the inner-most part of the vortex in
the vicinity of RMW, so that in this study the inner core is
within r = 100 km. The "inner region" pertains to the zone
that contains the greatest cyclonic flow (r = 0 - 300 km).
The region beyond the inner portion of the vortex (r > 300
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A
km) is defined as the "outer region." These regions are ég
defined based on many experiments with a wide variety of o
vortices with different intensities and radii of 15 m/s C$
winds. z

The key structural parameters of the vortex tangential -
wind profiles, v, are illustrated in Fig. 3-1. In addition n
to the three parameters (intensity, strength and size) N
discussed by the Colorado State University (CSU) tropical et
cyclone research group (e.g., Merrill, 1982), a second ‘it
strength parameter related to the average flow away from the ;£
inner region of the cyclone is introduced. This second !
strength parameter will be called "outer" strength to :,
distinguish it from the CSU "strength" parameter, which will 53
here be referred to as "inner" strength. The vortex @“

parameters are defined in Table 3-1.

TABLE 3-1. Definjtion of the primary vortex parameters. A \

complete description of how these parameters are calculated $E

from the model solution is given in Appendix A. X
)

INTENSITY - Maximum tangential wind speed Vp,y ]
INNER STRENGTH -~ Area-averaged tangential wind in the 5
r = 100 - 300 km annulus -
300 km :,.
J rv ar i“
_ 100 km -
Vsi = 550 =m (3.1) e
J radr ~
100 Kkm :.:
e
OUTER STRENGTH - Square root of the area-average of the -
square of the tanggntlal wind speed in !
the r = 300-1000 annulus ey
1000  km 172 :,:\
[ xv° ar 3
km RS
Vso = { —teoowm (3.2)
[ rar )
300 km "~
N:
SIZE - Radius of 15 m/s (30 kt) winds, r;s NG
.
. )
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Fig. 3-1. Definitions of the four primary symmetric
stiucture parameters.
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The main reason for using the intensity, inner strength
and size parameters is that they have been observed
operationally via aircraft reconnaissance (Weatherford,
1585). The outer strength parameter was developed after
consideration of model sensitivity tests. The square of v
is used to represent wind speed because the tangential
component tends to change sign in this region. Experiments
with other definitions for outer strength (e.g., area-
averaged | v | ) were not as well related to the vortex
motion. Although outer strength is difficult to measure
operationally, future satellite observing systems such as
microwave radiometers may be able to provide acceptable
estimates of the surface wind speeds and outer strength in
this region.

B. SPECIFYING THE INITIAL SYMMETRIC VORTEX
The initial symmetric wind profile is based on the
analytical tangential wind profile of Chan and Williams

(1987)
v(r) =vmax[;:ax] exp{%[l- ;:;x]b] | RERED

where v(r) is the tangential wind, Vpay is the maximum wind
(intensity), rpay is the radius of maximum wind and b is an
exponential factor that together with rp,y governs the shape
of the profile outside r = rp,y. The profile can be fitted
to the observed size and intensity values by calculating the
b factor that leads to a smooth profile passing through two
specified v values at r = rp,y and at some rj; outside r =
max. Given (Vpax. Rpayx) and the outer pair (vy, rjp), the
solution for b is,

1 b
1n [ ;Eix- E%%* ] = _S_[ 1 - [ ;ii; ] ] . (3.4)
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This equation is solved numerically by finding the root of v
L)

f(b) = 1 - RP + ba , (3.5) 3

where, .
N

r v r ;
Rs—L' and Asln[—_l.Lax] ' 'vL
Tmax Vmax TF1 §

using modified linear interpolation (Gerald and Wheatley, .-
1984). For example, b is equal to 0.96 for typical values N
of Vpayxy = 35 m/s, Rpayx = 100 km, v; = 15 m/s and r;= 300 km. v
The profile using this numerically determined b comes within

0.01 m/s of v; at rj. The initial streamfunction on the 3
model Cartesian grid is found by solving (2.4). The ﬁ
forcing function (vorticity or ¢) of this Poisson equation .
is found by finite differencing the tangential wind profile >
interpolated to the model grid points. Details on this &&
procedure are given in Appendix B. Zf
The v profiles used in previous studies (DeMaria, 1985; t;
Chan and Williams, 1987) are very similar to the one in E'
(3.1) in that the entire profile is specified with one or .
two parameters. The disadvantage to this simple approach is p
that a change in one structure parameter results in changes E;
to several aspects of the structure. For instance, changing {'
b in (3.4) changes both the inner and outer strength and the p
size, which makes it difficult to isolate which parameter o
would be dominant in the resulting track (e.g., Chan and $
Williams, 1987). Thus, a capability to modify the v
analytical profile is needed to vary the symmetric structure i:
parameters independently. g
1. Combining Two Profiles 3
The first modification procedure combines two ';
individual profiles through a linear combination around a o
"match" point (Fig. 3-2). The two profiles cross at the E
9
' -
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size radius of 300 km (r = ri5 = Rpatch) and are blended
together in the interval rj < r < ry via:

Vo r<rj
Vg = ava+(l-a)vy ; a=(ra-r)/(ra-ri) ri1<r<ra, (3.6)
\'4 1 raro

where v, is the combined profile. This procedure allows a
specification of the inner and outer flow and thereby both
the inner and outer strength. It is also possible to expand
and contract the size radius while holding the inner
strength fixed.

A potential problem with combining two profiles is
that the first derivatives will not be continuous at the
ends of the blending interval. Smoothing the combined
profile using the Shuman (1957) procedure prior to the model
initialization, or specifying the endpoints of the blending
interval between model grid points will insure smooth
variations of the derivatives. Also notice that large
changes in the curvature are posible in the blend zone.

Such changes have been observed in the inner region of a
hurricane (Riehl, 1962).
2. Forcing a Zero in a Profile

A second type of modificetion to a single profile is
to force a zero at some radius within an interval of r. Two
possible options (Fig. 3-3) are employed:

(1) Force v_to linearly approach zero at the end of the
interval; or
(ii) Force a zero at_the midpoint of the interval and
cause the profile to become negative.
The first modification is typically used to force the
profile to vanish at a distance several size radii away from
the center. At this radius, the distinction between the
vortex and the environmental flow is blurred and this
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procedure terminates the vortex. By contrast, a small b in
the (3.3) profile normally retains a significant v (1 m/s)
at r = 1000 - 1500 km.

LW I L Y N
B I

The integrated relative angular momentum (RAM) ﬁ-

. ,'

r q

2 .:’

J r(rv)dar o

r h

RAM = —L , (3.7)

r, : NG

J rdr by

r i

1 :,t'-

cos . Vo

for ri = 0 to r; = » is always positive for the analytical ”
L

profile in (3.3). As stated earlier, there is evidence that R
both RAM (Willoughby, 1987) and area-integrated tangential t.
wind (DeMaria and Biak, 1987) are related to beta drift.
Thus, it is desirable to vary RAM by forcing the analytical 7
s

profile to become negative at some radius, which is ‘ -k
accomplished by modifying the profile through ‘s
[ +1 r<”€m o

2r - (rp + r X

Vg = avy , a =j (ra 1) rp <r <ry . (3.7)

ri, - ra F

-1 r2rp [

M

An example of the procedure is shown in Fig. 3-3b. Notice ZI
that these single profile modifications can be made prior to ﬁf

the combination procedure. :
t’

C. EXPERIMENT DESIGN :;
The basic vortex in the numerical tests of Sec. II-C was f’

e

based on typical values of intensity, size and strength for i
the tropical cyclone, i.e., average for all cyclones of both -
tropical storm and typhoon intensity. In the following E‘
initial-vortex sensitivity tests, these three structure E'
"
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parameters and outer strength are varied in an independent
manner. An example wculd be to hold the inner strength
fixed while changing the outer strength. The capability to
vary separately the initial vortex parameters is a unique
aspect of this research. 1In other studies (e.g., De Maria,
1985; Chan and Williams, 1987), inner and outer strength
were varied simultaneously as the intensity and RMW were
changed, because the profile beyond RMW was controlled by a
single parameter (e.g., b).

D. TRACK RESULTS WITH THE BASIC PROFILES

The first set of experiments involves three vortices
(Fig. 3-4) with a variety of intensities and strengths in
the analytical profile in (3.3). The RMW is fixed at 100
km, and the maximum wind is varied from a weak tropical
storm (20 m/s) to a fairly intense typhoon (50 m/s). The
shape parameter b, which controls the vortex flow beyond the
RMW in the analytical profile, was specified to keep the
size radius constant at 300 km. This size is typical of
tropical cyclones in the western North Pacific (Williams,
1986) . Notice that a change in intensity varies both the
inner and the outer strength in the profiles in Fig. 3-4.
As the RMW wind is always 100 km, the value of intensity
also controls the inner strength. As stated above, the
inner core (r < 100 km) intensity is not a factor in the
beta drift. Thus, intensity in the CSU context is not
addressed.

The primary vortex parameters for these basic profiles,
and the rest of the profiles used in the initial vortex
sensitivity test, are provided in Table 3-2. Consider first
the basic ("B") profile cases. Although the inner strength
is almost doubled between the weak-intensity (B3) and
strong-intensity cyclone (B2), the outer strength is almost
cut in half. Thus, these profiles provide a significant
variation in the inner and outer strength parameters.
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TABLE 3-2. Primary vortex parameters at t = 0 h and the "
model-produced steady-state speed of meotjon for all the i
vortices in the 1nitlal profile sensitivity tests. The RMW o
is 100 km and the size radius is 300 km for all cases o
5
Exp. No. Intensity Inner Outer Speed
Strength Strength of By
Motion
e
(m/s) (m/s) (m/s) (m/s) ¥
Bl 35 23.9 3.7 2.65 e
npn B2 50 30.2 3.0 2.80 ot
B3 20 17. .0 4.40 N
- an - . — D ST D T - — — S D T - D e > - - - - - - - —— - > - —— - ::
b I4 50 30.2 3.7 2.70 -3
15 20 17.3 3.7 2.80
----------------------------------------------------------- l".
non 06 35 23.9 3.0 2.70
o7 35 23.9 8.0 4.90 oy
--------- o
ngw S8 35 23.9 4.5 3.10 Q‘
s9 35 23.9 3.3 1.80 !
___________________________________________________________ K
fay
"F" F10 20 17.3 8.0 4.40 )
F11 20 3 7.2 4.00 ~;
Key: '
"B" - Basic vortices . &
"I" - Inner strength change experiments "
"Q" - OQuter strength change experiments Ry
"s® - Symmetric pérturbation experiments =3
"F®* -~ Modify flow outside the critical annulus (r>800 km) ~
F10 - Linearly reduce flow to 0.0 from r = 1000 - 1200 3
km 1n the B3 profile. ]
Fll - Linearly reduce flow to 0.0 from r = 800 - 1000 <3
km in the B3 profile. i'
The 72-h tracks for the basic profiles are shown in Fig. 0
Lo
3-5. These tracks (and the others below) have been smoothed >
to eliminate numerical track noise as discussed in Sec. II- bap
C. In all cases, the vortex moves toward the NW with a 2
speed of motion of around 3 m/s. A similar result had been o
obtained in previous studies using comparable models (e.qg., <
Kitade, 1981; DeMaria, 1985; Chan and Williams, 1987). The -
\
most distinctive feature of the tracks is the greater speed ﬁ‘
of motion and more westward translation as outer strength ?I
Y
;
",
™
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Fig. 3-5. ,Tracks to 72-h for the basic profiles in Fig._ 3-4 and
a maximum 1nten51t§ of 50 m/s (short-dashed), 35 m/s (Solid) and
20 m/s (long-dashed). The symbols along the tracks indicate 12-h
positions and the line pattern corresponds to that in Fig. 3-4.
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increases (B3 versus Bl). It also appears that greater
inner strength causes somewhat greater northward motion when
the outer strength is approximately the same (B2 versus Bl).

E. INNER-OUTER STRENGTH CHANGE PROFILES

To more clearly isolate the role of inner and outer
strength, the basic profiles are modified to hold constant
one type of strength while adjusting the other. 1In the
"inner-change" case, the profile beyond r = 300 km is fixed
and the inner strength is changed (Fig. 3-6a). The
modification is made by combining two profiles as in (3.6)
(see Fig. 3-2). By contrast, in the "outer-strength" case,
the profile inward of r = 300 km is fixed and the outer
strength varied (Fig. 3-~7a). The choice of a common size
radius of r = 300 km, and the linear blending in a zone
about this "matching" radius, insures a smooth transition
between the profile segments.

Slightly greater northwestward displacements occur when
the inner strength is increased in the inner-change
experiments (Fig. 3-6b). An increased northward drift is
also found in the outer~-change experiments by comparing the
tracks labeled with 50 m/s in Fig. 3-7b and Fig. 3-5. The
only difference between these two cases is greater inner
strength in Fig. 3-5, and an additional northward
displacement is observed. However, the greater motion is
only on the order of 5% in both cases.

The 72-h tracks for the outer change experiments (Fig.
3-7b) clearly show that the path variations in the basic
profile experiments (Fig. 3-5) are a function of the flow
outside the size radius (r = 300 km). Thus, the key vortex
structure factor in the dynamics of tropical cyclone motion
is in this outer flow.
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¥. SYMMETRIC PERTURBATIONS

The inner-outer strength experiments demonstrate that
the vortex flow beyond r = 300 km controls the "beta drift"
of an isolated vortex in a no-flow environment on a beta
plane. To better understand how the flow in this region
influences track, the basic vortex (Bl in Table 3-2) is
perturbed in a cyclonic (positive v) and anticyclonic
(negative v) sense as illustrated in Fig. 3-8a. Such
perturbations may occur in tropical cyclones, although the
magnitude of changes may be difficult to observe over the
data-sparse tropical oceans. The main purposes of these
experiments are to demonstrate how the symmetric flow beyond
r = 300 km would change the beta drift, and to indicate the
importance of specifying the outer portion of the vortex in
tropical cyclone prediction models and in future theoretical
motion studies.

The anticyclonic perturbation experiment is designed to
determine the role of the "outer anticyclone" that is a
common feature of many tropical cyclone model studies (see
Anthes, 1982, for a review). Furthermore, the quasi-linear,
analytical motion study of Willoughby (1987) suggested that
the motion of an isolated, barotropic tropical cyclone on a
beta plane would be zero if the integrated RAM was zero.

The outer anticyclone must exist if the integrated RAM in
the r = 0-2000 km region is to approach zero or become
negative. The Willoughby result is in agreement with the
earlier study of Tojo (1953), who demonstrated that a moving
vortex must have the outer anticyclone to satisfy
consiervation of absolute vorticity. Another purpose of the
anticyclonic perturbation experiment is to verify
Willoughby’s theory in a nonlinear model. Finally, this
anticyclonic profile is similar to one used by DeMaria and
Biak (1987). The anticyclonic profile (59 in Table 3-2) is
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Fig. 3-8. As in Fig. 3-6, except for cyclonic (short-
dashed) and anticyclonic (long-dashed) perturbations added
to t?e basic symmetric vortex (solid) in the 300 - 809 km
annulus.
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;? created by forcing a zero in the Bl profile at midpoint in

N2 the r = 400-600 km interval (see Fig. 3.3b).

i The cyclonic perturbation profile (S8 in Table 3-2) is

o formed by combining the Bl profile with a second profile

), with a maximum wind of 15 m/s and a b parameter of 0.56.

;V The two profiles have a common matching point at r = 400 km.

ﬁn After the combination, the profile is then linearly forced
to zero from r = 650 - 900 km (Option 1 in Fig. 3-3). These

b adjustments have the net effect of increasing the tangential

o wind speed in the r = 400 - 900 km annulus.

f The 72-h track forecasts (Fig. 3-8b) indicate that the

s perturbations have caused long-term (t > 72 h) turning

4 motions in the same rotational sense as the flow changes in

o the r = 300 - 800 km annulus. For example, if the flow in

#g the annulus is made more cyclonic, then the vortex track

N will turn cyclonically and move toward the west in the

%? Northern Hemisphere. The speed of motion also increases as

*ﬂ the flow in this "critical" annulus increases in a cyclonic

;f sense (S8 versus S9). This point will be amplified in

{3 Section H below.

:I G. PFAR OUTER FLOW

ﬁ: The tangential wind in a composite western North Pacific

;; typhoon includes low-level cyclonic flow beyond r = 1400 km

N (see Fig. 8.7 in Gray, 1981). However, the significant

ﬁg tangential wind (v ~ 3.5 m/s) at r = 1400 km in the weak-

<

large vortex (B3 in Table 3-2) profile (see Fig. 3-4) may be
too large. Recall that the model lateral boundary
conditions require that the flow approaches zero near the
boundaries. Thus, a set of experiments is performed to test

FELLEEL A T

the sensitivity to the flow beyond the critical annulus
(Fig. 3-9). The B3 profile is linearly forced to zero from
r = 1000 - 1400 km in case F10 and from r = 800-1200 km in
case Fl11. The forecast tracks (Fig. 3-9b) have a small, but
significant, effect on the speed of translation,
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particularly when the flow beyond 800 km is modified (F1l1).
In contrast, the path is virtually unaffected.

The flow in the far-outer zone is related to the largest
scale features of the vortex. In Chapter VII, a Fourier
decomposition procedure will be used to understand how these
largest scales influence the motion. The important result
of these experiments is the dominance of the large scales (r
> 300 km) in the motion process.

H. SPEED OF MOTION AS A FUNCTION OF STRENGTH

The initial-condition sensitivity experiments in this
chapter have demonstrated that the vortex flow beyond r =
300 km controls beta drift both in terms of speed and
direction of motion. Specifically, the
cyclonic/anticyclonic sense of the tangential wind is
related to long-term curving in the track (Fig. 3-8). The
relationship between the speed of motion and the outer
strength (see values in Table 3~2) is shown in Fig. 3-10 for
the various profiles tested. Although the speed of motion
is nearly proportional to the initial outer strength of the
vortex, the relationship is not perfect, especially for
smaller values of outer strength.

I. SUMMARY AND DISCUSSION

The above initial-condition sensitivity tests have shown
that the flow in the critical r = 300 - 800 km annulus
controls the direction and speed of beta drift. Only a
small (less that 5%) increase in northward motion occurs as
the inner strength is increased. Changes in the flow beyond
r = 1000 km only affect the speed of motion, but the
differences are greater and on the order of 10%.

Speed of motion during the slowly-varying state is
nearly proportional to initial outer strength, whereas the
direction of motion is influenced by the magnitude and the
sense (i.e., cyclonic or anticyclonic) of the tangential
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Fig. 3-10. Steady-state speed of motion (m/s) versus outer
stfength (m/s) for_all initial-vortex sensitivity
experiments in Table 3-2.
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flow. Thus, apparently subtle changes in the vortex
structure can lead to significant track changes.

The model used in this research is extremely simple.
However, the underlying nonlinear dynamics permits a large
variety of track responses as the vortex structure is
changed. The applicability of these results to more
realistic tropical cyclone track forecast models is limited
to the degree that the barotropic motion process dominates
other effects in the more complete models. It can be argued
that non-barotropic effects simply modify the barotropic
effects directly by changing the vortex and indirectly by
changing the level of barotropic "steering."

Nonetheless, the magnitude of beta drift is on the order
of 500 km over a 72-h period. While this displacement is
significant, what is more important is the differences in
beta drift as the flow in the critical annulus is varied.
Forecast errors at t = 72 h on the order of 500 km or
greater would appear to be possible, if the tangential winds
in this annulus are not representative of the actual
tropical cyclone. A similar result was obtained by Mathur
(1987) using a full physics, baroclinic model and a uniform,
barotropic environmental flow. In operational forecasting,
other factors (e.g., an improper analysis of the large-scale
flow) might mask such beta-drift errors.

These experiments also suggest that initializing the
initial vortex in a numerical model by specifying a size
radius may not be sufficient. The flow in the critical
annulus appears to be controlling beta drift irrespective of
the radius of 15 m/s winds. Evidently, the vortex flow
beyond the size radius should also be carefully specified.
This implies that it will be necessary to measure the vortex
flow beyond r = 300 km (perhaps out to r = 1000 km). Such
measurements would have to be fairly accurate as changes on
the order of 1 - 3 m/s have a significant effect on the
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track, particularly with regard to direction of motion.

;k Further experiments with other sizes and other flow regimes
T' would be useful. However, as will be argued in the Chapter
' VII, the track sensitivity is not scaled by vortex size, but
oW is a function of the physical size of the scales in the
3\ vortex.
h! The relative insensitivity to the vortex flow in the
inner region implies that a high-resolution model and a
i} precise initialization of the inner portion of the storm may
. not be necessary to simulate the barotropic component of
N motion. Unfortunately, most of observational efforts have
. been directed toward the inner region due to operational
%ﬁ "fix" (locating the center) requirements and aircraft range
s limitations. The inner portions of the vortex are
S& observationally (given aircraft reconnaissance) easier to
R specify, whereas the dynamically important flow in the
f% critical annulus is very difficult to define.
é: The remainder of this dissertation is devoted toward
P explaining the initial-vortex sensitivity and gaining
& further physical insight into the dynamics of tropical
cyclone motion. In Chapter IV, the symmetric/asymmetric
) circulations within the total vortex will be analyzed to
s understand how these circulations interact and control the
5 ; motion. The dynamical processes will then be further
o refined in Chapter V by using dynamical sensitivity tests.
'R In this type of experiment, the model equation is modified
3 during the integration to control nonlinear/linear and
L. symmetric/asymmetric interactions. The moving grid option
!% allows very long integrations to be performed without an
o extremely large grid. In Chapter VI, it will be shown that
?; the linear and nonlinear processes force the symmetric
- circulation to a state that is independent of the initial
'a conditions. Finally, the role of physical scales in the
;j initial vortex, which are defined through a 2-D Fourier
ra
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series representation, will be isolated to demonstrate that
the "projection" of the vortex onto the most linearly
dispersive scales is the key factor in explaining the
observed beta drift tracks.
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IV. N O C AND ASYMMETRIC CIRCUTLATIONS o~
The dynamical basis for the dependence of vortex motion :
on the initial structure is examined from the "viewpoints" I
of: (i) the "total" solution; and (ii) the "symmetric and 22
asymmetric" components. In the total solution vie \
the track is displayed and the total y solution and )
diagnostic quantities (e.g., ¥ = K.vxyp) are plotted. E'
Although this approach is the most commonly used (e.g., Chan E.
and Williams, 1987; DeMaria, 1985), it fails to ]
differentiate the role of individual components of the total WQ
vortex system. h?
By contrast, the symmetric/asymmetric viewpoint is ET
useful in understanding the interaction of the separate flow i
regimes that make up the total vortex. This viewpoint is ;‘
based on the observation that tropical cyclones are I;
predominantly axially symmetric in the low and mid N
troposphere (Gray, 1981) and on theoretical considerations. !_
The assumption of axial symmetry was crucial to early ;%
analytical studies of tropical cyclone motion (e.g., Tojo, EE
1953; Adem, 1956) as the mathematical treatment of the .,
vortex and the dynamical equations were greatly simrlified. {
More recently, a group of theoretical specialists at an E}
Office of Naval Research planning meeting on the theory of i?
tropical cyclone motion (Elsberry, 1986) recommended that h?
the total flow system be divided into three components: <
I
(i) An axially symmetric circulation representing the ij
vortex; <
(ii) An asymmetric circulation that arises from an -4
interaction between the symmetric circulation and .
the "environment" (the earth’s vorticity field and )
larger-scale flows); and o
(iii) A larger-scale "steering" flow representing :f
horizdontally uniform flow steering effects. L
;.
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Even though the symmetric and asymmetric components are
relatively simple to define (given the central point), some
ambiguity exists regarding the location and what really is
the center. For simplicity, and consistency with the model
formulation, the center is defined as the point of minimum ¢
(see Sec. II-B) rather than the maximum vorticity.

The greatest difficulty with the three-component
decomposition is in defining the "steering" flow. If the
storm center is defined, and the symmetric and asymmetric
circulations have been calculated, then it is fairly clear
that the symmetric circulation would represent the "vortex"
inwards of the size radius. However, the "vortex"
distinction using the symmetric component would be "blurred"
at larger radii (say r = 1000 km). Furthermore, the
asymmetric flow could contain both steering-like features
(large-scale, with little horizontal variation) and smaller-
scale circulations near the cyclone center. Thus, it would
be impossible to clearly isolate "interactive" and
"steering" effects from such an asymmetric field.

Defining the environmental flow will be a difficult
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problem and the definitions used in each study will have to E:
be clearly stated in order to compare results. The first "
step in resolving the ambiguity between asymmetric 0
interactive components and the steering flow is to first v
document that character of the asymmetric field in a no-flow ;
environment, i.e., from a model solution started from an 2
initially symmetric, isolated vortex on a g8 plane. 1In this 7
situation, the asymmetric flow is only due to interaction of ?
the vortex with the earth’s vorticity field (the Coriolis i
parameter) . i~
Basic flows will not be considered in this study. F
Rather, the focus is on the motion of a single vortex on a 8 :‘
plane to understand the earth-vortex interaction. However, =
there are two aspects of the environmental flow definition g
,Q
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that should be take into consideration (see Holland, 1983,
for a similar discussion). In a numerical/analytical model,
it is simple to initially specify each of the three
components and it is even possible to separately integrate
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each component to document changes. Taking a total solution
from a model or from a real-data analysis and deriving the

- -

"basic" flow (total minus the symmetric and asymmetric
components) is a considerably more difficult and ambiguous
problem. .

In this case, it seems appropriate to first define or
extract the environmental component by removing it from the
total flow, and then perform the symmetric/asymmetric
separation. One option for eliminating the vortex and the
interaction effects is by filtering either the total flow or
a residual formed by removing the symmetric component from
the total. 1In either case, having a clear understanding of
the "pure" interactive asymmetric field will be critical for
resolving the environmental flow issue.

A. SYMMETRIC/ASYMMETRIC SEPARATION PROCEDURE
Separating a field into symmetric and asymmetric

components is trivial in a cylindrical coordinate system.
However, the numerical model grid is in Cartesian
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coordinates. Thus, it is desirable to express all
quantities that would be used in diagnostic calculations in
terms of the model grid to maximize consistency with the

WSO d

model finite differences. The symmetric/asymmetric
decomposition is developed below using both a cylindrical
grid and the model Cartesian grid.

The first step in the symmetric/asymmetric separation is
to interpolate the solution to a cylindrical grid centered

‘-' .f .l' LA "."- .

on the storm (point of minimum ¢). The cylindrical grid has
a radial increment of 20 km and a azimuthal (6) increment of

eight degrees (45 sectors). A schematic representation of
the two grids is given in Fig. 4-1. The cylindrical grid
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can extend beyond the limits of the Cartesian model grid. Q:
In this situation, only field data on the Cartesian grid are S}
used during azimuthal averaging. R
Once the cylindrical grid is established, the o
interpolation from the model grid to the cylindrical grid is e,
performed with a bicubic spline routine from the National :§=
Center for Atmospheric Research (NCAR) Scientific Subroutine ¥t
Package (SSP) using the same boundary conditions as in the b:
model. This routine is exceptionally accurate and has been E'
optimized for rapid execution on the FNOC CYBER 205 jf
supercomputer. 2
The symmetric component of the field on the cylindrical a
grid is found by averaging in ¢ along each radii, which zﬂ
generates a function tabulated at uniform points in r. e
Although it would be simple to calculate the asymmetric gﬁ
component on the cylindrical grid, it also would be A
necessary to interpolate back to the model Cartesian grid to ;E
perform finite difference operations consistent with the Eﬁ'
model. Examples of such finite difference operations if
include calculation of the asymmetric wind from the :f.
asymmetric ¥ or the calculations of the model vorticity Sﬁ'
tendency terms. Instead, the symmetric component at each E;
model grid point is specified using the symmetric function .‘
in r. This is accomplished by calculating the radial g:
distance of each model grid point from the vortex center and a;
then interpolating from the symmetric component (e.g., f.E
¥g(r)) using a spline under tension (NCAR SSP). The tension %ﬂ
factor was adjusted to optimize the numerical recovery of §f7
the vortex parameters from an analytically-specified S?
profile. This interpolation yields a function of x and y, :ﬂ
or ¥g(r) - ¥g(x,y). The asymmetric component on the model 2
grid is then found by subtracting the symmetric component ;
from the total (i.e., ¥a(Xx,y) = ¥£(X,Y)¥g(X,Y)). o
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In the symmetric/asymmetric decomposition routine, the
size of the cylindrical grid is limited so that it nearly
fits within the model grid because the symmetric/asymmetric
components cannot be defined in the corners of the model.
Fortunately, the model boundary conditions force the
solution to zero at the edges of the grid so that slight
grid extensions do not impact the azimuthal averaging. The
symmetric and asymmetric components for radii beyond the
cylindrical grid are set to the value of the function at
edge of the cylindrical grid.

Tests with symmetric/asymmetrical analytical functions
specified on the model grid demonstrated that the procedure
was able to very accurately recover the true (analytical)
symmetric/asymmetric components. This also helped verify
the center location algorithm.

To summarize, the inputs to the symmetric/asymmetric
procedure are a field on a Cartesian grid f¢(x,y) and a
center point (xo,yo). The outputs are the symmetric fg(x,y)
and asymmetric fa(x,y) fields on the input grid and the
symmetric component as a function of radius fg(r). The
procedure is applied only to the y¢ solution. All other
quantities are then derived (e.g., ¢35 from y¥,) using
diagnostic relationships to insure maximum consistency with
the model solutions.

B. S8YMMETRIC WIND PROFILE

The vortex structure parameters described in Chapter
III are derived from the function-of-radius form of the
symmetric component of the 2-D model ¥{. Details on the
calculation of the tangential wind (v) and the structure
parameters are given in Appendix B.
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The symmetric/asymmetric circulation analysis is applied

to only four of the 11 vortices considered in Table 3-2:

The basic vortex

Weak intensity but strong outer strength
Cyclonic perturbation to Bl

Anticyclonic perturbation to B3

o
()
[ I

These vortices represent the full range of track types
observed in the initial-vortex experiments and thus warrant
the most attention in analyzing the motion process and
structure effects.

The evolution of the tangential wind profiles is given
in Fig. 4-2. Notice that the integration length is 144 h
vice 72 h as in Chapter III. The additional integration
time helped establish the time scale of the variations.
Results from even longer integrations will be discussed in
Chapter VI. There are two distinctive features of the
profiles: (i) the maximum wind decreases slightly; and (ii)
the largest changes occur beyond the inner region. For the
weak large vortex (B3), the changes are more dramatic as
anticyclonic flow has formed at t = 144 h beyond r = 80C km.
The vortex parameters are given in Table 4-1.

TABLE 4-1. Temporal change in the vortex parameters for the
four vortices.

Exp. No. Time \V/ Inner Outer RAM
max Strength Strength x 10'°
2

(h) (m/s) (m/s) (m/s) (m /s)

Bl 0 34.3 23.9 3.69 6.5

72 33.7 22.7 3.02 -6.4

144 32.9 21.5 2.34 4.0

S8 0 34.3 23.9 4.52 9.7

72 33.7 22.8 3.40 -10.1

144 33.3 22.2 2.94 -2.6

S9 0 34.3 23.9 3.34 2.4

72 33.9 23.0 3.07 -2.2

144 33.6 22.3 2.64 0.8

B3 0 19.7 17.3 7.96 70.2

72 18.5 15.5 4.82 11.0

144 18.2 14.4 3.32 -24.9

83
R S AT A e S S eSS Tt e e

O D

-
»>

32

3

Py A"‘.I“.’

1 JER

.
1) RS O
S xNG S R

E ok ot R 1
£ 4

P{f"

o

-

Py

i

,.
i -“f

v r_ ¥ _.
8y 4, & 5

Iy

S n

L)W S

oy
PN

W2
» “ .l ""

ey



-------

vV (M/SEC)

o
-
T T G S T,

-----------------------

8

©o -— l‘ v

RADIUS (KM)

vV (M/SEC)

a8 r t)

}
-
:F\
PN
o~
) &
. iS $
L
; -
¥ s “.‘. “'..
) Q..."... :*
' IS R T B ST | ‘l I il ‘;.:.]:ﬂ‘r'vol-d S | :‘
~ - - — L.
| : »
-5 !
) (] "‘-
TR 8 8 8 8 8§ 8 :
- — - o, ’
| RADIUS (KM) :

”

1
AR

Fig. 4-2. Evolution of the tangential wind profile at t =
0 ?sglld), 72 _h (short-dashed), 144 h (long-dashed) for
initial profiles (see Table 3-5) (a) the basic vortex (Bl),
(b) the weak-large vortex (B3), (c) the cyclonic .
i pgrgurbagé?n and” (S8) and (d) the anticyclonic perturbation
; vortex .
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The symmetric perturbation (S8 and S9) cases are derived
from the basic profile Bl. This similarity is reflected in
the temporal changes of the inner region parameters (Vpax
and Vgj). Thus, it appears that the dynamical processes in
this region are similar and may be separated from events in
the outer region. Notice also that the outer strength
decreases in time and seems to approach a common value. In
the weak, large vortex (B3), the changes in the inner and
outer strength are much greater.

Willoughby (1987) suggested that the integrated RAM must
be less than zero for a cyclone to move northward.
Similarly, Tojo (1953) calculated the tangential wind
profile for a moving vortex and demonstrated the formation
of an outer anticyclone and negative RAM as a consequence of
conservation of absolute vorticity. The integrated RAM in
the r= 0 - 2000 km annulus (Table 4-1) shows a general
decrease in magnitude and an oscillation between positive
and negative values in some cases. Thus, it does not appear
that negative integrated RAM is a necessary requirement for
beta drift. Rather, the results presented here suggest that
the RAM tends to be reduced in magnitude and may be either
negative or positive.

The decrease in the maximum wind speed, inner and outer
strength suggests a transfer of energy from the initial
symmetric vortex to the asymmetric circulation. However, a
more accurate description is that the changes in the
symmetric circulation are a result of the formation of
asymmetries. The fact that the largest changes occur in the
outer region implies that the asymmetries must be greatest
in this zone.

The B3 vortex is weaker than the other three vortices.
Thus, the inertial stability (r = (f+¢}(f+2v/r})), which is
proportional to the nonlinear term in the model equation, is
smaller in the B3 vortex. Therefore, the B3 vortex will
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have less resistance to asymmetric forcing than the Bl
vortex. As shown by Chan and Williams (1987), the linear
term (Bv) is the source of the asymmetries in this model.
Thus, the largest changes in the symmetric circulation seem
to occur when the ratio of the nonlinear to linear term
(N2L) is smaller. In other words, it is suggested that
there is a balance between nonlinear effects that attempt to
keep the vortex symmetrical and the Rossby dispersion that
forces the vortex to become asymmetrical. The concept of
such a balance had been suggested previously in the study of
eddies in the Gulf Stream (e.g., Flierl, 1977). Another
consequence of this balance is that changes to the vortex in
the outer regions where the N2L is smaller will have a
greater potential for affecting motion than in the inner
core. In the outer zone, the inertial stability is weaker,
which implies that the vortex could be influenced to a
greater extent. These ideas are further developed in the
next section in which the asymmetrical circulation is
analyzed.

C. THE ASYMMETRIC CIRCULATION

In this section, the evolution of the asymmetric
circulation is evaluated for the basic vortex Bl. From this
discussion, the essential properties of the asymmetric flow
are derived to provide a basis for the analysis of the the
other vortices (S8, S9 and B3). A strong relationship
between the formation of a pair of large-scale gyres and the
motion of the center will be shown.

A time sequence of asymmetric streamfunction (y,) for
the basic vortex experiment is given in Fig. 4-3. The
general features of the asymmetric streamfunction are: (i) a
dipole-like pattern with an anticyclone to the right of the
center and a cyclone to the left; (ii) a "ventilation" flow
through the center; (iii) a "buckle" at the center where the
gradient of ¥, goes to zero, and a smail region (the
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Fig. 4-3. Temporal gvolution of the asymmetric
streamfunction y; (m‘/s). The plot domain 1s 61x61
points (with Ax = 40 »,2400%2200 kmi centered on the
vortex. The tick marks indicate the location of the grid
¥91nts. .This domain size will be used in all subsequent
lgures in this chapter unless_otherwise noted. Positive
(negative) values indicate cyclonic (anticyclonic)
stréamfunctions.
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inertially stiff core) around which the asymmetric wind

flows; and (iv) a cyclonic twisting or rotation of the gyre
centers that reorients the ventilation flow from north to
the northwest. These four features are highlighted in Fig.
4-3b.

1. Growth of the Asymmetric Gyres

The analysis of the time variations of ¥ starts by
examining the amplitude of the asymmetric gyres as a
function of time (Fig. 4-4). Three stages in the gyre
development from an initially symmetric vortex are apparent.
During the first 12 h of the integration, rapid growth of
the gyres quickly establishes the circulation (rapid growth
phase). From 12 to 48 h, the gyre amplitude grows linearly
(linear growth stage) and a steady state occurs from 48 to
72 h (steady state phase). The translation speed of the
vortex (Fig. 4-5) follows a similar development curve
compared to the magnitude of y;. In contrast to the time
scale for the evolution of the translation speed, the
direction of motion stabilizes to within 5° of the steady-
state value of 320° within 3 h. This finding is similar to
DeMaria (1985), except that the direction of motion in this
experiment is more stable, which is possibly due to
different definitions of the center.

These changes in Figs. 4-4 and 4-5 are useful in
understanding the temporal variation of ¥ in Fig. 4-3. At
t = 3 h, the gyre centers are approximately 400 km from the
cyclone center and have already shifted to orient the
ventilation flow toward about 320°, which is similar to the
storm motion vector. The area of perturbed asymmetric flow
is confined to a scale of approximately r = 300 km. Notice
how the contours farther away from the perturbed zone are
still aligned north-to-south. During the rapid growth phase
from t = 3 to 12 h (Figs. 4-3b to 4-3d), the gyres build in
intensity and expand outward. Similarly, the region of
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Rapid Growth

Fig. 4-4. Time variation of the maximum amplitude of the y,
gyfes of the basic vortex experiment.
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center.




rotated flow expands outward and results in a broader ‘5
ventilation flow. Although this ventilation flow continues ,
to increase from t = 24 to 48 h (Figs. 4-3e and 4-3f), "'
during the linear growth phase, the y, field far from the
cyclone center becomes distorted in the east-west direction. &
At t = 72 h (Fig. 4-3g), the anticyclonic gyre has rotated '
clockwise, although the center of this gyre appears to be W
lagging behind the moving center. Nevertheless, the )
ventilation flow in the inner region maintains the same

intensity and horizontal extent. Even though the amplitude
of the asymmetric circulation has reached a steady state, N
the development of east-west distortions suggests the \
formation of an azimuthally wavenumber two asymmetry. An N

alternate explanation is that the basic wavenumber one %:

N
circulation is breaking down in the very weak flow in the ﬁ
outer portions (r > 700 km) of the system. W

Longer integrations to t = 144 h (Fig. 4-6) show "
that the breakdown in the asymmetric flow continues, N
although the track remains essentially steady from t = 72 - ]
144 h. The "trailing lobe" of the anticyclonic gyre at t =
72 h splits into a separate circulation feature and then
rotates anticyclonically and results in a new anticyclonic
center east of the center. During this bifurcation, the
ventilation flow remains approximately steady (constant g
motion). Y,

The fact that the vortex motion continues even with Y
significant changes in the outer asymmetric flow implies
that the critical motion dynamics are occurring within the
region of "significant" symmetric flow. A measure of the .

o=

v

significant symmetric flow is the horizontal scale of the he!
gyres at t = 144 h gyres, which is approximately r = 700 km. e
This scale coincides with the point at which the symmetric N
component of vortex reverses from cyclonic to anticyclonic %
“

circulation (see Fig. 4-2) at t = 72 h, which is :
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representative of the steady-state period. A further
supposition is that the balance between linear forcing and
nonlinear vorticity advection within this region must
stabilize the system.
2. The Asymmetric Flow

To more explicitly relate the motion of the vortex
to the asymmetric circulation, the asymmetric flow is
derived from ¥, via v

x
S ]

a
Py

P Uy = - 355 and Va = 3;— ’ (4.1) ?
The asymmetric flow at t = 72 h for the basic vortex are
shown in Fig. 4-7 from a large-scale and a smaller-scale
i view. A strong relationship is evident between the ﬁ
asymmetric flow in the vicinity of the center and the vortex '
motion vector. This relationship is better illustrated by
removing the motion vector from the asymmetric flow to form Y
b the "relative" asymmetric flow (Fig. 4-8). Nearly perfect "

cancellation occurs between the asymmetric flow and the >
: motion vector within the region of the symmetric \ n
) circulation, except in the high energy core (within the N
radius of maximum wind). In the inner core, smaller gyres
(< 100 km) are found with a "ventilation" flow opposite to
the motion of the storm. Model runs with different Q3
resolutions demonstrated that the horizontal scale of the
X inner zone with weak asymmetric flow is independent of the
grid spacing, which suggests it is a physical effect.

b

; These inner gyres are nearly identical in pattern to
those found by Marks and Houze (1987) in the inner core (r ~
50 km) of an intense hurricane (Norbert, September 1984 in

bt NPt 2

o
the eastern North Pacific). Marks and Houze (1987) ;
hypothesized that the gyres resulted from the motion of the ﬁ

; vortex based on the theoretical study of Willoughby (1987). }
Y While their argument may be valid, an alternate explanation s
) N\
' :‘:
: 101 )
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Fig. 4-8. As in Fig. 4-7b, except for relative as etric
flow_ (arrows) forme bX suﬁtractlng the motion vector at 72
h. The maximum arrow ength in thé uypper right corner
corresponds to 5.0 m/s. hg symmetrlc_streamfunctlon
(contouf interval of 200x10° m?/s) depicts the scale of the
symmetric vortex circulation.
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is that the inner-gyre pattern is a result of the vortex
flow tending to zero at the center.

The scale of the inner gyres in the relative Y
asymmetric flow corresponds closely to the rotational ';
stiffness of the core as represented by the inertial o
stability parameter (Fig. 4-9) which has been used in other
studies (e.g, Holland, 1983). Thus, vorticies of this type
have strong rotational stiffness within the radius of
maximum wind which resists departures from a symmetrical o
state. Winds in the eye of tropical cyclones are light and 2
’ variable, which implies a point where the flow in a fixed

~v_v

framework (Eulerian) goes to zero. Furthermore, a symmetric

> 0%

low pressure system would have a point with zero pressure

gradient or no flow at the center. The only effect of an :ﬁ
| additional environmental pressure field would be a v
horizontal displacement of the no-flow point from the center
of the symmetric vortex. The linear forcing also b0
| contributes to the inner-gyre formation. For a perfectly :&
[ symmetrical vortex gv will go to zero at the center. Thus, ;f
the generation of an asymmetric circulation would be H
g limited. )
' Based on the considerations above, it is argued that by
the motion of the center is really the motion of a small N~

(50-100 km) stiff core. The scale of this highly stable
moving core is on the order of the radius of maximum wind, f
rather than the "effective" radius of Holland (1983) who Y
proposed a higher value (~ 300 km). Another important point
is that the existence of this rotationally stiff core g
complicates the interpretation of the streamfunction
tendency (verticity budget) used to explain the behavior of
the asymmetric circulation later in Sec. IV-D.

el

D. DESCRIPTION OF THE DYNAMICS OF BETA DRIFT
The apparently strong relationship of the motion of the
center to the ventilation flow between the asymmetric
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gyres suggests that advection of the symmetric circulation
(the vortex) by the asymmetric flow (which arises from the
interaction between the vortex and the environment) is
responsible for the motion of the center. Even though this
idea has been suggested in the past (e.g., Anthes and Hoke,
1975; Holland, 1983), the display in Figs. 4-3, 4-7 and 4-8
explicitly illustrates the spatial relationships. What is
less well understood, and of fundamental importance, is the
dynamics of the asymmetric gyres.

1. Qverview

Rossby dispersion is the source of the large-scale
gyres, as is shown in the linear (8 only) model runs of Chan
and Williams (1987). However, the nonlinear interaction by
which the symmetric circulation modifies the asymmetric flow
is also important. One aspect of this process is suggested
by the cyclonic rotation of the gyres (in the same sense as
the symmetric flow) and the expansion of the perturbed
(rotated) zone between the gyres as the asymmetric flow
rapidly grows (Fig. 4-3). As the asymmetric flow is
established, the symmetric forcing through the nonlinear
advection term begins to rotate the gyres, and thus the
ventilation flow. This rotation effect expands outward as
the asymmetric flow develops. Eventually a balance is
achieved within the cyclonic portion of the symmetric
vortex.

The questions are how and why the symmetric and
asymmetric circulations reach a mutually sustaining
arrangement that allows the entire system to move uniformly
as an entity. To answer these questions, the model tendency
equation is examined in great detail. However, an overview
of the dynamical processes is given first based on the above
analysis.

The symmetric circulation forces a wavenumber one
asymmetrical circulation through Rossby (or g) dispersion.
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The 8 term in the model equation tends to produce
anticyclonic tendencies when the north-south wind component
(v) is positive (east of the center) and cyclonic tendencies
when v is negative (west of the center). Recall that the 8
term appears as a forcing function in the Poisson equation
v’(a¢/at) = gv, so that the horizontal scale of the
tendencies is much larger than the symmetric vortex.

Advection of symmetric vorticity by the asymmetric
flow in Fig. 4-3 causes the translation of the symmetric
vortex, whereas the cyclonic symmetric circulation advects
the asymmetric flow cyclonically (the rotation). If the
vortex did not move, the gyres would continue to rotate.
Because the asymmetric flow is advecting the symmetric
circulation, the g forcing of the asymmetric flow is moving
as well. This is a key point, because the translation of
the g forcing with the center limits the time for the
formation of the asymmetric flow to the east and west of the
moving center. Consequently, the asymmetric gyres are not
simply aligned in the east-west (location of the maximum v)
direction as in arguments with linear forcing relative to a
stationary vortex. Furthermore, this alignment is opposed
by the advection of the gyres by the symmetric flow. A
balance eventually occurs between the asyhmetric flow
formation by the moving source (the symmetric circulation)
and advective twisting by the vortex. 1In other words,
advection tries to rotate the gyres cvclonically (depending
on the symmetric flow in the vicinity of the gyres) while
the 8 forcing always tries to keep the gyres aligned east-
west (equivalent to an antjcyclonic rotation) relative to
the position of the moving vortex.

Arother way to understand this balance is to
consider a situation in which the motion of the symmetric
circulation is made independent of the asymmetric flow.

Suppose the symmetric circulation could move at a speed
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5 greater the "balanced" or physically correct speed. Then, }
| the symmetric vortex would soon be displaced beyond the gr
asymmetric ventilation flow that sustains the movement. O
Presumably, this would result in a tendency for the vortex %!

to slow down to allow the asymmetric gyres to reform. X
Conversely, if the vortex displacement was much smaller than ﬁ,

the ventilation flow, the asymmetric flow would continue to
grow (linearly) with much stronger southerly (northerly) K%
flow to the west (east) of the center as shown in the linear 0
solutions of Chan and Williams (1987). 04
The balance then is between the vortex translation Ty
and the asymmetric circulation development. This concept is K
illustrated (Fig. 4-10) by plotting the ventilation flow as W,
a function of speed of movement for linear and nonlinear X
effects. Rossby dispersion, or the linear component of the .
model solution, would yield a large asymmetric flow (linear e,
growth of the asymmetric circulation as in Figs. 4-3 and 4-
4) if the vortex did not move due to nonlinear advection.
Conversely, if the vortex movement was very large, there

would be insufficient time to form an asymmetric circulation ¢ﬁ_
around the center. The 1:1 relationship between the o
ventilation flow and the translation of the center implied A
by the nonlinear advection curve is simply a statement that ‘
the motion is directly proportional to the advection by the uﬁ
ventilation flow (i.e., simple steering). 2
The conceptual plot (Fig. 4-10) shows that there ';

will always be some balance point, although it might vary in ]!
time. A priori, the linear Rossby wave effect might be E:
expected to be a stronger function of the vortex structure .%
than the nonlinear advection effect because small changes in )
the outer flow could lead to significant changes in the ;;
large-scale dispersive modes. Although the conceptual ﬁﬂ
diagram and the balance point are plausible, this considers ﬁ:
only the steady-state speed. Transients in the motion and T»
!
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Fig. 4-10. Conceptual plot of the ventilation flow as a

function of speed of movement for linear R05$b¥,disperglog)
ion 1n text).

and nonlinear advective processes (see descrip
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long time-scale turning motions are likely to be almost
exclusively dependent on advective effects as suggested by
the symmetric perturbation experiments in Chapter III. The
nonlinear advective effacts controlling track or path are
likely to vary significantly even with seemingly subtle
changes in the symmetric vortex. Thus, it is important to
focus on the nonlinear effects while keeping in mind that
Rossby dispersion is likely to be controlling the basic
balance and the translation speed.

The relative asymmetric flow gyres in Fig. 4-8
suggest a role for advection of asymmetric vorticity by the
symmetric flow. These inner gyres have a positive vorticity
center to the right of the motion vector and a negative
center to left (e.g., Fig. 4-1la) opposite to the larger-
scale asymmetric gyres). As Marks and Houze (1987)
suggested, advection by the symmetric vortex would tend to
force a vorticity increase ahead of the center and a
decrease to the rear. In terms of streamfunction
tendencies, this motion-type pattern would be a dipole
(negative in the front/positive in the back) with the
centers aligned in the direction of motion. By this
reasoning, a "motion-type" tendency pattern very close to
the center would be expected in both the symmetric and
asymmetric advection terms. This is why the presence of the
stiff core will complicate the interpretation of the
nonlinear tendency terms. It is also suggested that the
motion of symmetric vortex beyond the stiff core (r 100 -
300 km) may involve different dynamics than that of the
center and occur on different time and space scales.

2. Discussion

The concepts developed in the preceding discussion

have been based on the Bl vortex and are now evaluated in

the other vortices (the symmetric perturbation vortices and
the weak-large vortex). The asymmetric streamfunction has
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a) maximum vector length = m D

(a) contour Znterval -g§0x103? s/? N

minjmum contour = -270x10.7 s’! o

maximum contour = 360x10°7 s°! o
Fig. 4-11. The symmetric flow (vectors) and the asymmetric TN
vogticity (contoured) at t = 72(h for {;)_the bas?c vortex, ﬁ}
(b) the weak-lagge vorfex, (c) the cyclonjc perturbation Qg
vortex and id) e anticyclonic perturbation vortex. The ol
doTa n is 640x640 km and” the vectors are plotted at every T
grid point. i,
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l:;:

113

[ 4" 3 '»1\'\-*\"\"';"'} ‘\' ~|'\~~' (_‘
* it 2 X [ ) L



Fig. 4-11.

. ] . S .- - \ —p
OO S KO OO A O T X A AL R DU T A A A A N AN

(c) maximum vector length = 33 m/s
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(Continued)
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Fig. 4-11. (Continued)
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the same type of relationship to the motion (Fig. 4-12) and
undergoes a similar evolution. The size and intensity of
the large-scale gyres is proportional to the outer strength
(e.g., Fig. 4-12a versus Fig 4-12c). Notice that the

.ventilation flow in the beginning of the integration and

during the development of the gyres, is oriented toward the
northwest for all vortices. By 48 h, the tracks (see Figs.
3-5 and 3-8) for these vortices show long-term turning and
this is reflected in the orientation of the ventilation flow
(Figs. 4-12b, 4 and e). The differences in the asymmetric
streamfunction between t = 6 and 48 h indicate that the gyre
rotation is a slower process than the process that moves the
center initially. Furthermore, the gyre rotation appears to
be a larger-scale effect that gradually influences the
motion of the center.

The strong relationship between the asymmetric flow
and the motion of the center, except in the inertially stiff
core as discussed above, implies that the interaction
between the asymmetric and symmetric circulation systems is
the key to the motion process. The behavior of the
asymmetric flow is described in the next section by use an
expanded model tendency equation to understand the dynamics
of the asymmetric circulation. ‘

E. STREAMFUNCTION TENDENCY ANALYSIS

To verify the motion hypothesis developed from the
analysis of the symmetric and asymmetric circulations, the
nonlinear terms in the model tendency equation are examined
in detail. The relevant equations from the derivation given
in Appendix C are repeated here. First, only the
streamfunction tendencies are considered, as opposed to
vorticity budgets used in previous studies (e.g., Chan,
1984), because the focus is on the development of the
symmetric and asymmetric circulation systems. A vorticity
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(a) B3 vortex at t =

6
contour interval = 100x10? m?/s
minimum contour = -800x10% m?/s
maximum contour = 500x10° m?/s

Fig. 4-12. The asymmetiic streamfunction y5 (m?/s) for the
wedk-large (B3), cyclonic perturbation (S8) and the ,
anticyclonic perturbation vortex (§9). he plot _domain is
2400x2400 km (Ax = 40 km, 61x61 gr d points)., Positive
(solid) and negative (long-dashed) c¢ontours indicate
anticyclonic (&yclonic) streamfunctions.
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(b) B3 vortex at t = 48 h
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contour interval = 0x10% m2/s
minimum contour 0x10* m?/s
maximum contour 0x10* m?/s
Fig. 4-12. (Continued)
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Fig. 4-~-12.

(c) S8 vortex at t = 6 h
cgn}our interval = 60x103 m?/s
minimum contour = -300x10? m?/s
maximum contour = 300x10% m?/s

(Continued)
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(d) S8 vortex at t =
contour interval
ninimum contour
maximum contour

Fig. 4-12. (Continued)
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(e) S9 vortex at t = 6
N contour interval = 30x10% m?/s
AL minimum contour = -150x10° m?/s
o maximum contour = 150x10° m?/s
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(f) S9 vortex at t = 48 h
contour interval = 10x10* m?/s
minimum contour = =~70x10% m2/s
maximum contour = 110x10* m?/s
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. budget requires a subjective interpretation of the patterns
to infer changes in circulation. More importantly, the
streamfunction tendency is the model variable by which the )
model dynamics are best studied.

The model tendency equation for the total streamfunction

ST

(¥t) can be expressed as

k)
>
-

o » a . .
2w (e v E Y (4.2) :
where H ' is the inverse operator of H(f) = v'f. "

Splitting the nonlinear advection and beta terms into '

L)
¢
L)
&

asymmetric and symmetric components yields

\
g%‘-: = H ' (-T($a,7¥g) + H  (-J(¥s,7 ¥a) f
TT ASVA AAVS ¢
+ H'( s(ev) ) +H( A(BV) ), (4.3) ;
SB AB 3
where :
TT - Total Tendency \
ASVA - Advection of_ symmetric vorticity by the v
asymmetric flow k
AAVS - Advection of asymmetric vorticity by the ¥
symmetric flow s
SB - Symmetric component of the beta term that
forces the asymmetrical flow
AB - Asymmetric component of the beta term that
forces the symmetric flow )
L
Additionally, the following tendencies are defined M
TA - Total nonlinear advection = ASVA + AAVS ;
TB - Total beta term = SB + AB ot
The tendencies in all the following figures have been ¢
nondimensionalized (as in the model) with a length scale of N

10° m and a time scale of 10° s. It is emphasized
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that the tendencies are calculated on the model grid using
the model finite difference operators.

1. Total Tendency Analysis

The total tendency term in each of the three

, asymmetric development phases are shown in Fig. 4-13. At t e,
= 3 h (Fig. 4-13a), the forcing of the large-scale '?
asymmetric gyres is apparent with positive y changes to the : ﬂ
east of the center and negative changes to west. However, a ;.

: smaller-scale tendency dipole also forms near the center. ;ﬁ
The orientation of this dipole is suggestive of motion %
toward y falls ahead of the center and away from the rises ‘ﬁ
behind. Notice that the orientation is towards the )
northwest, which is in the same direction as the motion of $
the center at this time (from the model diagnostics package .ﬁ
and not shown). Thus, the beta drift has already been K‘

established very early in the integration. By t = 12 h
(Fig. 4-13b), the inner dipole tends to dominate the pattern
as the contour level is chosen to give a set of )
4 approximately 10 contours. Also note that the amplitude of ‘}
the tendency field has nearly doubled from 3 h to 12 h. The .

{ strength of the motion-type dipole pattern continues to grow ;;
E and a steady state is established by 36-72 h (Figs. 4-13c &,
and d). =y
Removing the motion component from the pattern will %.

reveal the tendency relative to the moving center. This 7

removal is accomplished by subtracting a "motion" tendency EE
due to the advection of the total vorticity field by a o
horizontally uniform flow (Fig. 4-14). The uniform flow =

vector is defined as the average vortex motion in a 6-h \1

period centered around the valid time (see Appendix D for \;
details). Notice that the amplitudes in Fig. 4-14 are -

nearly identical to total tendency in Fig. 4-13d. Thus, a ]
large fraction of the tendency field during the steady-state py
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(a) t =3 h, |ay/d ~ 0.24, contour interval = 0.04

Fig. 1-13. The,t. al streamfunction tendency, TT

;nond mensionalize ) at (a) 3h, (b) 12 h, (c) 36 h and (d)

2 h). ,In all iub equent igures of stieamfunction, )
tendencies, Eos ti e énegat Vve) values 1indicate anticyclonic
chglonic) changes. he plot domain is the same as inh Fig.
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(b) t = 12 h, |3¥/3t|max ~ 0.45, contour interval = 0.09
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Fig. 4-13. (Continued)
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(c) t = 36 h, |d¥/dt|pax ~ 0.80, contour interval =

Fig. 4-13. (Continued)
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(d) t = 72 h, |dy/3t|pax ~ 0.95, contour interval = 0.10

Fig. 4-13. (Continued)
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Fig._ 4-14. Streamfunction tendency due to the motion of the
total vorticity field (nondimensionalized, see text for
deSig%}ion) at"'t = 72 h (|d¥/dt|pmax =~ 0.80, contour interval
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translation period is associated with the motion of the
vortex.

The relative total tendency fields are given in Fig.
4-15 for the same times as in Fig. 4-13. The magnitudes are
greatest at t = 3 h (Fig. 4-15a) because the large motion
tendency at the center dominates the difference in forming
the relative tendency. Also notice the relatively (to the
center) large values outside r = 100 km indicating the
formation of the asymmetric gyres. The positive values 150
- 300 km north of the center are a first indication of the
rotation of the asymmetric gyres. By t = 12 h (Fig. 4-15b),
most of the relative tendency is associated with an
amplification of the large-scale gyres beyond r = 300 km.
From t = 36 - 72 h (Figs. 4-15c and d), the rate of
development of the asymmetric gyres has slowed. By 72 h,
there is very little change in the total vortex except for
two features. First, an anticyclonic tendency center has
formed far from the center, which also appeared in the y,

plots (not shown). The second is the very small dipole near

the center that is aligned north-south. This dipole is
within the radius of maximum wind and is associated with the
inner core gyres discussed in Sec. IV-B. The amplitude is
about 15% of the total tendency. Thus, the inner region of
the vortex has an additional tendency that contributes to
deepening (filling) toward the north (south). Otherwise,
there appears to be a fairly good balance between the motion
and the linear and nonlinear terms as expected from the
model equation. It is also suggested that the motion
process of the inner core and of the cyclonic vortex beyond
the radius of maximum wind may be different.

To understand how the total tendency field arises,
the contributions of the nonlinear and linear terms are
examined separately. The beta term produces a large-scale,
dipole-type tendency field with a significant magnitude
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(a) t = 3 h, |3¥/0t|pax ~ 0.25, contour interval = 0.05

Fig. 4-15. Relative total tendencg formed by removing the
motion tendencz from the total tendency at (a) 3 h, (b) 12
h, (¢) 36 h and (d) 72
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(b) t =12 h, |3¥/dt|pax

Fig. 4-15. (Continued)
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(c) t =36 h, |8¥/3t|pax ~ 0.13, contour interval = 10(x10°3)

Fig. 4-15. (Continued)
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(d) £t = 72 h, |d¥/3t|pax ~ 0.12, contour interval = 10(x10°%)

Fig. 4-15. (Continued)
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(Fig. 4-16). The maximum/minimum points at all times occur
at about r = 250 km. Thus, the beta term results in a
circulation because the background field (e.g., see the
symmetric streamfunction in Fig. 4-8) is relatively weak
compared to the tendency. That is, a small tendency can
yield relatively large changes provided the field being
modified is weak, whereas a large tendency is required to
produce a significant change in a field with a large

EE amplitude. Comparison with the y, pattern in Fig. 4-3
: suggests that the beta term is the primary source for the
bo asymmetric flow.

During the rapid growth phase (Fig. 4-16a and b),
'& the zero line in the beta tendency is aligned nearly north-
G south, which indicates a forcing that is symmetric in the
;4 east-west direction. However, a east-west distortion occurs ;
- during the linear growth and steady-state phases (Fig. 4-16c
Lﬁ and d). Outside of r = 500 km, the positive zone is wrapped
Af around the inner part of the vortex. By t = 72 h, the \
. region of the cyclonic tendencies to the west of the center
i* has been shrunk and a new cyclonic forcing zone has emerged
L on the far eastern side of the system. This distortion is
‘é due to the asymmetric circulation that has formed, but there "
N is still an essentially east-west symmetry in the pattern. '
o To efficiently rotate a wavenumber one asymmetry, the
-E tendency field should also be wavenumber one, but be rotated
¥y 90 °. Thus, the beta term can not be directly responsible 3
5 for the rotation of the large~scale asymmetric gyres (Fig. :
2 4--3) as the forcing is aligned with the asymmetrical
Yo circulation. !
. The most prominent feature in the total nonlinear :
; advection term (Fig. 4-17) is the motion-type dipole
Oy pattern, which expands in horizontal scale and amplitude in A
5: time. During the early stages of the integration (Fig. 4- )
‘s 17a), only the innermost part of the vortex (r < 150 km) is :
DPn
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Fig. 4-16. Total linear tendency at (a) 3 h b) 12 h,
(C] 36 h) and (d) 72 h. (Bv) Y (a) ¢ (B)
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(b) t 12 h, |[dey/dt|pax ~ 0.16, contour interval = 0.02

Fig. 4-16. (Continued)
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(c) t = 36 h, |d¥/dt|pax ~ 0.18, contour interval = 20.0(x10°?)

Fig. 4-16. (Continued)
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Fig. 4-16. (Continued)
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Fig. 4-17. The total nonlinear advection tendency (TA) at A
(a? 6 h and (b) 48 h. d
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Fig. 4-17. (Continued)
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being forced to move. By t = 48 (Fig. 4-17b), the dipole
covers the most significant part of the symmetric
circulation (r ~ 300 km), which should contribute to the
movement of the inner vortex (r = 0 - 300 km).

It is obvious that the motion of the center is

strongly linked to nonlinear processes. To isolate on the
tendencies not associated with motion effects, the motion
tendency is removed (Fig. 4-18). At t = 6 h, a wavenumber
one pattern exists with positive tendencies northwest of the
center and negative tendencies to the southeast in a
wavenumber one pattern. This distribution would tend to
cancel the beta forcing inward of 200 km (see Fig. 4-16) and
to rotate the asymmetric gyres beyond r = 200 km. In other
words, the balancing noted in the total relative tendencies
is formed by a compensation between the linear (beta) and
nonlinear effects. By t = 48 h and 72 h (Fig. 4-18b and c),
the beta and the relative advective tendencies are out of
phase over a much larger area. However, a balance is not
achieved far away‘from the center (r > 700 km), which is
indicated by the larger tendencies in this region.

The following general dynamical description of beta
drift emerges from the model tendency analysis and supports
the hypothesis in Section IV-D. The initially symmetric
vortex forces a large-scale, wavenumber one circulation
asymmetry through Rossby dispersion (beta). This asymmetry
generates nonlinear advective forcing that translates the
center. The pattern of the advective terms tends to cancel
beta forcing in order to stabilize the asymmetric gyres.

The region in which the advective term and the beta term

tend to offset then expands outward in time until steady-
state motion is achieved over a region on the order of r =
500 - 700 km. The issue now becomes one of isolating the
relative role of the symmetric and asymmetric circulations
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in the motion, and in the orientation and development of the
asymmetric gyres.
2. Symmetric and Avmmetric Tendencies

Although it is possible to separate the total
tendency terms into symmetric and asymmetric components,
this decomposition does not indicate the separate forcing of
the symmetric and asymmetric circulations. That is, it is
not possible to calculate the terms that exclusively modify
the component flow fields. Rather, both the scale of the
forcing and the total y field, from which the tendencies are
drawn, must be considered. For example, the motion tendency
in Fig. 4-14 is wavenumber one in appearance and would
generate a wavenumber one asymmetry if the total psi was
constant in space. Since the total y is predominately
symmetric and the total tendency (Fig. 4-13) is applied at
the center of the circulation, the system translates with
little change in shape. The purpose of decomposing the
total tendencies is to understand how each component
circulation contributes to the magnitude and structure of
the total term.

Interpretations as to how the decomposed terms
affect the symmetric/asymmetric flows are possible with
consideration of the vy field and the scale and magnitude of
the forcing. The symmetric/asymmetric tendency analysis is
applied to understand: (i) the slight weakening of the
inner core; (ii) how the asymmetric gyres form; and the
motion process of the inner core (r = 0 - 100 km) and of the
inner region (r = 100 - 300 km).

a. Weakening of the Maximum Wind

As noted in Sec. IV-B, the symmetric tangential
wind field (Fig. 4-2) weakens slightly during the 72~-h
integration (~ 5%). One explanation is that this reflects a
numerically-induced dissipation. However, integrations with
a symmetric vortex on an f-plane showed very little (< 0.1%)
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change in amplitude due to the numerical solution method.
Thus, there must be a dynamical basis for the weakening that
is associated with linear processes. Furthermore, a
calculation of the absolute vorticity at the moving center
revealed that the associated decrease in relative vorticity
is much greater than that due to conservation of absolute
vorticity (i.e., ¢ ¢ as £ t for northward motion) alone.

The symmetric component of the g term (Fig. 4-
19) at t = 6 h contributes only slight y rises within 1000
km of the center with a positive (anticyclonic tendency)
over the center. By 72 h, the area of rises (weakening of
the symmetric low) has shrunk and an area of falling psi
occurs beyond r = 800 km. This tendency may be compared
with the "actual®" change (Fig. 4-20) in the symmetric
streamfunction (y¥g) , which is found from a finite
difference between the yg fields at two times. For
instance, the actual change at t = 6 h is calculated from
the yg fields at t = 9 and 3 h. The fields used in the
calculation are rectified to a common point to eliminate
slight shifts of the center as the vortex moves. The
comparison between Figs. 4-19 and 4-20 is quite good and
supports the idea that the evolution of the symmetric
circulation is primarily modified by the beta term, and
leads to a slow weakening of the tangential wind in the
vortex.

The beta tendency pattern also indicates
indirectly the formation of a southerly flow (8v > 0) over
the center. This flow must reach a maximum in the inner
region for the beta term to peak at the center. Thus, the
northward component (southerly ventilation flow) of the
motion is indirectly related to the slight filling of the
inner vortex low. Notice also that the g tendency in Fig.
4-19b indicates the development of a gyclone beyond r=700 km
whereas the tangential wind profile shows anticyclone flow.
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Thus, the outer anticyclone must be related to the
; asymmetric component of the gv tendency.
b. Formation of the Asymmetric Gyres
The asymmetric component of the beta term (Fig.

4-21) accounts for most of the total beta tendency. This

asymmetric component is clearly related to the formation of

the asymmetric gyres, as evidenced by the large scales and

the greater magnitude of the forcing away from the inner
{ regions of the symmetric vortex. The anticyclonic forcing
east of the center contracts in time. By t = 72 h (Fig. 4-
21c), a second cyclonic forcing center has developed farther
to the east, as well as wavenumber two features (two cycles
along a circle) around r = 700 km (near the boundaries of
the plotting grid).

Another important observation is that the
amplitude and distribution of the asymmetric g forcing is
also asymmetric. Note the greater areal extent and greater
intensity of the cyclonic (< 0) tendencies compared to the
anticyclonic tendencies (> 0) in Fig. 4-21c. This
asymmetrical distribution will cause a net change in the
symmetrical streamfunction y(r) during azimuthal averaging
and will thus lead to a anticyclonic tendency in the outer
region tangential flow as shown in Section IV-C.

The Rossby dispersion process, which is
associated with the linear beta term, is strongly linked to
the formation of the asymmetric circulation and to the outer
wavenumber two features. However, the basis of this forcing
is the v component of the vortex flow that is strongly
influenced by nonlinear advective effects. Thus, the
nonlinear term is examined to understand how the linear
forcing is modulated through symmetric/asymmetric
interaction and the motion process.
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Fig. 4-21. The as etric component of the term at (a
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c. Nonlinear Effects

The advection of the symmetric circulation by
the asymmetric flow (ASVA) is portrayed in Fig. 4-22. The
motion-type dipole pattern is clearly evident and the scale
of the advection is essentially constant throughout the
integration. This implies that the vortex on the scale of r
= 300-400 km is being moved by this effect. What is more
interesting is the cyclonic rotation of the dipole couplet
during the first 12 h. The mainly north-south orientation
of the dipoles at t= 3 h and 6 h is not aligned with the
vortex motion vector, which is toward the northwest. Thus,
the advection of asymmetric vorticity by the symmetric flow
(discussed below) must be responsible for the movement of
the inertially stiff core in the early stages. The
symmetrical component of the total nonlinear tendencies (not
shown) also suggests that the movement of the vortex occurs
on two scales, with ASVA accounting for a majority of the
movement on scales larger than the inertially stiff core.

The advection of the asymmetric circulation by
the symmetric vortex (AAVS) is displayed in two figures. 1In
the first set (Fig. 4-23), the asymmetric flow is not
smoothed in the inner regions (r < 300 km) to reveal
smaller-scale effects in the vicinity of the stiff core. 1In
the second group (Fig. 4-24), the asymmetric flow has been
heavily smoothed in the inner regions prior to the
calculation of the tendency to emphasize this advective
effect in the outer portions of the vortex.

A small motion-type dipole (r < 100 km) is
present throughout the integration in the unsmoothed
tendencies (Fig. 4-23). The inner dipole is initially
oriented nearly east-west. When this tendency is added to
the ASVA tendency, the net effect is to move the center or
stiff core toward the northwest. This small dipole rotates
anticyclonically beyond the direction of motion at t = 12 h,
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Fig. 4-22. Advection of symmetric vorticit b¥ the
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(b) t = 6 h, |3¥/3t|max ~ 0.20, contour interval = 0.04.

Fig. 4-22. (Continued)
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Fig. 4-22. (Continued)
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Fig. 4-23. Advection of as etric vorticity b{ the
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Fig. 4-23. (Continued)
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Fig. 4-23. (Continued)
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Fig. 4-24. As in Fig. 4-23, except for heavy smoothing in
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(b) t=9 h, |d¥/3t|pax

~ 0.10, contour interval = 200(x10°%).

Fig. 4-24. (Continued)
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(d) t=24 h, |d¥/dt|pax ~ 0.15, contour interval = 0.03

Fig. 4-24. (Continued)
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(e) t=72 h, |8y/3t|pax ~ 0.14, contour interval = 20(x10°3)

Fig. 4-24. (Continued)
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but then becomes oriented along the mction vector by t = 24
h and maintains this orientation throughout the remainder of
the integration.

The decomposition of the nonlinear tendency
terms into advection of symmetric circulation by the
asymmetric flow (ASVA) and advection of asymmetric
circulation by the symmetric flow (AAVS) reveals two stages
in the motion of the vortex. In the early phase (t = 0-12
h) the two terms are 90 ° out of phase, with ASVA indicating
a northward movement of the larger-scale vortex and AAVS
inducing a westward motion of the stiff core (compare Fig.
4-22 and 4-23). The two advective effects become oriented

with the direction of motion in both the linear growth and %)

i}‘i

steady-state stages of the asymmetric flow development.
During these growth phases, the two advective processes move
both the larger-scale vortex (r = 100 - 300 km by ASVA) and
the inner core (r < 100 km by AAVS) in the same direction
with the same speed.

ﬁ'r.'r.‘f.lv N '\H R

v 7

d. Rotation of the lLarge-scale Asymmetric Gyres

r
LW

The inner-core movement component tends to
dominate the AAVS fields for t > 24 h. This tendency is
recalculated with a smoothed asymmetric flow in the r < 250
km annulus to better depict forcing beyond the inner regicn
(Fig. 4-24). The dipole pattern now appears on a much
larger scale and is associated with forcina of the large-
scale asymmetric flow gyres. At t = 6 h, this large-scale
component of AAVS is rotating the asymmetric gyres
cyclonically as the tendency dipole is approximately 90 °
out of phase. The orientation of the tendency dipole also
rotates cyclonically so that by t = 72 h, the forcing is

roughly 180 out of phase with the asymmetric gyres and

'y *n

balances the large-scale asymmetric gyres against linear
(Bv) forcing. Also note how the gyre rotation effect (e.g.,
positive tendencies to the north of the center) is first
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halted near the center and then expands outward in time.
This implies that the rotation of the asymmetric gyres
occurs at all radii initially. As the steady state is
approached, the inner rotation is halted.

The symmetric advection of the asymmetric
circulation is a very important part of the total nonlinear
effects. This term serves three functions: (i) to help
move the inertially stiff core; (ii) to induce a cyclonic
rotation in the asymmetric gyres to orient the advecting
ventilation flow; and (iii) to counteract the beta term to
keep the asymmetric flow in a near-steady state.

e. Westward Component of Beta Drift

It is also important to stress the role of
nonlinear effects in orienting the ventilation flow.
Previous theories (e.g., Adem, 1956; Holland, 1983)
associate the westward component of beta drift with Rossby
dispersion alone. This was shown to be incorrect by Chan
and Williams (1987), who demonstrated that the linear term
alone (Rossby dispersion) did not move the center. The
results presented here have more precisely illustrated how
the nonlinear term induces the motion, and more
significantly how advection modifies the direction of
motion. The westward component of beta drift arises
strictly from advective process and is only indirectly
related to linear effects.

F. VENTILATION FLOW VECTOR

The asymmetric flow analysis in the previous sections
showed a strong relationship between the nearly uniform flow
between the asymmetric gyres (the "ventilation flow") and
the motion of the vortex. To precisely illustrate this
relationship, the "ventilation flow vector" is calculated as
the average asymmetric flow within r = 300 km of the center

and compared to the motion vector of the center. The j:

averaging area for the ventilation flow vector is chosen ::
’

%
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based on the size of the cyclonic vortex (r ~ 300-500 km)
and the best fit to the center motion vector. ’
A comparison of the ventilation flow speed and the speed 7
of motion for the basic vortex experiment (Bl) is given in ] '
Fig. 4-25. The speed of motion is calculated over 12-h I
increments centered on 12, 24, 36, ... 132 h based on hourly »
positions of the streamfunction minimum. These hourly
positions are smoothed prior to the translation speed
calculation to remove numerically generated positions

oscillations. /9
As noted earlier, the motion rapidly builds, and then ;:
grows linearly in time until a maximum is reached around t = ’
60 h. After the maximum translation speed has been f.
achieved, the speed of motion slowly oscillates about some gi
quasi-steady value. The ventilation flow speed follows the e
motion in a nearly lock-step manner, but is about 5-10% 7
smaller (slower) than the actual vortex motion in the steady : "g
state. The corresponding directions of motion is given in ;
Fig. 4-26. The greatest departures occur in the rapid ;\
growth phase of the asymmetric gyres. During the slowly %
varying stage, the vortex is moving consistently about 5 ° ?’
to the left of the ventilation flow. The composite studies ::
of Chan and Gray (1982) and the geostrophic steering-flow f
analysis of Brand et al. (1581) showed that tropical A
cyclones tend to move to the left of some averaged "large- ;
scale" environmental flow vector. However, in these ﬁ
studies, the cyclones tended to move faster than the basic f

flow vector. Although these results do not fit the observed
relationship precisely, they indicate that the observed
differences may be a consequence of the dynamical processes
discussed in this study.

Several alternatives were explored to account for the
slight difference between the ventilation flow vector and
the motion of the center. Other averaging schemes for
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Fig. 4-25. Magnitude of the ventilation flow vector
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Fig. 4-26. Direction of the ventilation flow vector,
comgared to the direction of model motion in the basic
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calculating the ventilation flow were tried, as well as
different time increments in the center motion calculation.
All yielded the same pattern of a slower translation that is
to the left of the vortex. Comparisons also were made for
the other three vortices and the same relationship occurred.
Thus, the discrepancy does not appear to be due to
inconsistent definitions and is not likely to be a strictly
numerical problem.

It is concluded that the difference is due to the two
motion processes involved in the translation of the total
vortex. The tendency analysis revealed that the advection
of symmetric vorticity by the asymmetric circulation (the
ventilation flow) accounted for most, but not all, of the
motion tendency. The additional tendency comes from the
advection of the inner asymmetric gyres by the symmetric
flow within the radius of maximum wind as shown in the
streamfunction tendency analysis and as suggested by Marks
and Houze (1987). The comparison of the ventilation flow
and the motion of the center is a further corroboration of
this inner-core process.

G. S8SUMMARY OF THE DYNAMICS OF BETA DRIFT

The development and evolution of the symmetric and
asymmetric circulations in a tropical cyclone vortex moving
on a 8 plane has been studied. A procedure has been
developed to uniquely and accurately decompose any field on
a Cartesian grid into azimuthally symmetric and asymmetric
components on the input grid (given a center position).
This decomposition has been applied only to the model
solution. All other quantities (e.g., vorticity and wind)
have been diagnosed to more accurately interpret the model
solution. The basic vortex experiment has been analyzed in
detail using this procedure to develop a working hypothesis
on the dynamics of beta drift and to determine how vortex
structure influences the motion. Other vortices
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representing the full range of track have also been
evaluated in the context of the working hypothesis.

The symmetric flow, as represented by the tangential
wind profile, experiences a slight weakening of the maximum
wind speed and the formation of an anticyclone beyond r= 600
km. The integrated relative angular momentum in the r = 0 -
2000 km annulus undergoes oscillations during a 144 h
integration, although it tends toward a slightly negative
value for all vortices. It is also noted that the basic and
symmetric perturbation vortices seem to approach a common
profile. Further experimentation will be given in Chapter
VII.

The asymmetric circulation has a azimuthal wavenumber
one appearance with an anticyclone east of the center, a
cyclone to the west and a nearly uniform, broad-scale (r ~
300km) ventilation flow between the gyres. The ventilation
flow is almost exactly equal to the storm motion vector over
the entire area of significant symmetric vortex. The only
exception occurs in the inertially stiff core within the
radius of maximum winds. In this inner-core, the winds go
to zero, which results in a small dipole in the relative
asymmetric flow with an orientation opposite to that of the
larger-scale asymmetric gyres.

The dynamical issues are to explain the formation of the
gyres, why they rotate to orient the ventilation flow
towards the northwest, and why the gyres reach a steady
state. The model tendency equation has been analyzed in
great detail to demonstrate that the linear g term is
responsible for the formation of the gyres. Nonlinear
advection fulfills two roles. The first is the advection or
movement of the inner 400 km of the system. This component
of the nonlinear term has the greatest magnitude. The
second role is to balance the g forcing and to orient the
ventilation flow toward the northwest. That is, the
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nonlinear processes act to maintain the asymmetric flow in a
steady state against constant linear forcing and are
responsible for the westward component of beta drift through
a rotation of the ventilation flow. The hypothesized
balance (Fig. 4-12) between the nonlinear and linear effects
is thus confirmed, particularly with the tendencies in which
motion effects are removed.

The total nonlinear and linear terms are then decomposed
into symmetric and asymmetric components to understand how
the symmetric and asymmetric circulation systems interact.
The slight filling of the cyclone in the inner regions and
the formation of the outer anticyclone are due to the
symmetric component of 8 term. This component implies net
southerlies in the inner region (v > 0 or positive dy/at).
The symmetric vortex forces the asymmetric flow through g as
the v component is azimuthally wavenumber one. When the
motion is in a steady-state, the asymmetric g term has
wavenumber two features that are not connected to the motiorn
of the significant vortex low.

The nonlinear advection is separated into two terms
representing advection of asymmetric circulation by the
symmetric flow (AAVS) and advection of symmetric circulation
by the asymmetric flow (ASVA). These terms contribute to
the motion of the vortex on two scales. The advection of
symmetric vorticity by the asymmetric flow accounted for
most of the motion tendency, particularly for the vortex on
the r = 100-300 km scale. On the scale of the stiff inner
core, the remainder of the motion tendency comes from the
advection of asymmetric vorticity by the symmetric flow.
This advection has also been shcwn to rotate the large-scale
asymmetric gyres and is resporisible for counteracting the 8
forcing to maintain a steady-state ventilations flow.

The asymmetric flow for the very long integrations (4-6
days in Fig. 4-6) suggests that the motion processes are
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localized in a zone of the significant symmetric vortex (r <
500 km), because large changes outside this zone did not
affect the motion. 1In conclusion, the moving vortex can be
viewed as set of symmetric/asymmetric circulation subsystems
that move and sustain each other in a balanced manner.
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V. ¥YN. NS VITY

The streamfunction tendency analysis in Sec. IV-E
demonstrates how the symmetric and asymmetric circulations
interact nonlinearly to move the vortex and to balance
ventilation flow forcing due to linear processes. That
analysis is "static" in the sense that the tendencies are
derived from the model solution at a single time and the
physical processes are inferred by the scale and intensity
of the tendency patterns. In this chapter, the dominant
dynamical processes of vortex motion, as suggested by the
"static" tendencies, are studied by directly modifying the
model equation during the integration. Such an approach is
referred to as "dynamical" sensitivity analysis and is
analogous to the "physical" sensitivity tests used in more
complete models to study, for example, the role of diabatic
processes in midlatitude cyclogenesis (e.g., Keyser and
Uccellini, 1987).

Three types of experiments are performed. The first
type involves changing the relative magnitude of nonlinear
to linear effects to determine how the ventilation flow
varies with the speed of motion. The functional dependence
of ventilation flow on the vortex motion will then be used
to infer how the motion response to a disruption in the
ventilation flow/motion balance might vary with vortex
structure. 1In the second set of experiments, the model is
initialized with a linear solution and is then integrated
with only nonlinear term. The long-term, nonlinear-only
solutions demcnstrate that once the ventilation flow is
established, the symmetric/asymmetric circulations in the
vortex are bound together to sustain the motion and the
nature of the nonlinear-linear balancing process when
steady-state motion is achieved. Finally, the nonlinear
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term is decomposed into symmetric and asymmetric components
during the integration and the nonlinear interactions are
examined by directly modifying the symmetric/asymmetric
interaction terms. These experiments confirm the critical
role of nonlinear interaction between the vortex (symmetric
flow) and asymmetric circulation arising from vortex-
environment (the earth’s vorticity field gradient or g8 in
this research) interaction.

A. VENTILATION FLOW DYNAMICS

It was hypothesized in Sec. IV-C that the steady-state
speed of motion of the vortex resulted from a balance
between ventilation-flow generation by Rossby dispersion
(i.e., by the g8 term) and ventilation flow reduction
relative to the moving center by the nonlinear processes
that cause the vortex to move. Schematically, this balance
may be represented (Fig. 4-10) by a curve relating
ventilation flow to the speed of motion. Steady-state
motion occurs when the ventilation flow equals the speed of
motion.

The objective of this section is to calculate the
magnitude of ventilation circulation as a function of the
vortex structure, and how this is related to the speed of
beta drift. As indicated in Sec. IV-C the direction of
motion and turning can not be determined as they are
strongly related to the nonlinear modification (e.qg.,
rotation) of the large asymmetric gyres and to the
orientation of the associated ventilation flow. In the next
section, the ventilation flow function is calculated for the
four basic vortices. It will be suggested that the shape of
the curve as it passes through the "balance point" may be
related to the "sensitivity" of certain vortex structures to
externally forced disruptions in the ventilation-flow/motion
balance.
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As shown Fig. 4-25, a quasi-steady state does occur &

in which the magnitude of the ventilation flow approximately E
equals the vortex speed of motion. The basic idea behind

the hypothesized ventilation speed function is: If the }d
vortex motion is much less than the steady-state value (in *ﬂ
the extreme case it would be stationary), then the 33
ventilation flow relative to the center would necessarily 1!
become very large. Conversely, if the vortex moved very }'
rapidly (e.g., > 20 m/s), then the ventilation flow ]
generation would be smaller because the g forcing could not Eé
be applied for a sufficient time to generate the large-scale _

asymmetric gyres. Thus, it is possible to a priori infer B‘
three points on the curve: (i) when the vortex speed is t\f
zero, the ventilation flow is a maximum; (ii) at the balance ;?
point, the ventilation flow and motion are equal; and (iii) L

-

when the speed of motion is very large, the ventilation
approaches zero. To find other points on the curve, it is

necessary to force the vortex to move faster or slower than
the linearly-induced ventilation flow.

T PR

PEPa

Consider the model tendency equation with two scale
factors a aad b on the advection term and the g term

respectively
ac - N
3; = a(=V . v¢) + b(-8v) . (5.1) %
N
As shown by Chan and Williams (1987), the motion is strictly bt
a nonlinear process, even though the asymmetric circulation 5_
generation is basically a linear process. Thus, the Ei
relationship between the motion and the ventilation flow Ei
will change as the (a,b) scale factors are varied. For Ei
example, if a = 0.5 and b = 1.0, then for every unit of o
ventilation flow the storm would be expected to move only ﬁk
half as fast. Conversely, if a = 2.0 and b = 1.0, the Ei
a_&.
’
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motion relative to the linearly-induced ventilation would
tend to be doubled. Of course, this reasoning is only
approximately true and is based on the one-for-one
relationship between ventilation flow and motion for (a,b) =
(1.0,1.0). This one-for-one correspondence implies that, as
a whole, the vortex motion is a steering-type process with
the steering flow equal to the ventilation flow.
Nevertheless, it is proposed to determine other points of
the ventilation flow function by changing a and b and
integrating the model to a steady state.

2. Experiment Design

Four vortices are considered (see Figs. 3-4 and 3-
8): (i) the basic vortex (Bl); (ii) the "large-and-weak"
vortex (B3); (iii) the cyclonic symmetric perturbation
vortex (S8); and (iv) the anticyclonic symmetric
perturbation vortex (S9). The initial vortex structure
parameters are given in Table 3-2 of Chapter III. These
vortices include a considerable range in the tangential flow
in the critical annulus of r = 300 - 800 km and result in a
wide range of track orientations and speeds.

Nine model runs are made for each of the four
vortices with the characteristics given in Table 5-1. It
would have been desirable to hold the g-term scale factor
fixed in (5.1) and only vary the factor governing the
advection term. However, increasing the advective
coefficient (a) would require a decrease in the time step to
satisfy the linear computational stability criterion.
Instead, the ratio of a/b is increased by decreasing the 3
forcing and holdingy a fixed. This allows the time step to
be held constant throughout all the integrations.
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TABLE 5-1. Characteristics_of the model experiments to
determine the ventilation flow function.

Exp. No. a b a/b Integration Comments
Length (h)
1 0.00 1.00 0.00 144 Linear solution
2 0.05 1.00 0.05 144
3 0.10 1.00 0.10 144
4 0.25 1.00 0.25 144
5 0.50 1.00 0.50 144
6 1.00 1.00 1.00 144 Normal model
7 1.00 0.50 2.00 144 ] .
8 1.00 0.25 4.00 288 Longer integration
9 1.00 - 0.10 10.00 432 required to reach

stéady state

The integration times are greater than the standard
72 h to more clearly establish the track behavior after the
initial maximum translation speed is achieved. 1In the cases
in which the g term is reduced, a much longer time is needed
to linearly build the asymmetric circulation. In Exp. 9,
the integration must be extended to 18 days. The model
remains stable and energy is nearly conserved in all cases,
which further substantiates the numerical quality of the
model.

3. Linear Solutions .

The asymmetric flow from the basic vortex with the
linear solution (Exp. 1 in Table 5-1) at t = 24 h and 72 h
is shown in Fig. 5-1. As in the full model solutions, the
ventilation flow is fairly uniform, except in the inner core
where the asymmetric flow goes to zero. When the nonlinear
term is set to zero, the ventilation flow does not pass
uniformly through the center as in the full model. Thus,
this inner-core asymmetry is strictly a result of the
distribution of the meridional v component (v ~ 0) near the
center. However, the rotational stiffness of the inner-core
inhibits the asymmetric flow from penetrating directly into
the center.

At 72 h, the ventilation flow has become less
uniform with greater flow to the east and lesser flow to the
west. This shear across the center tends to be averaged out
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when a single ventilation flow vector is calculated over the
averaging area (r = 0 - 300 km).

The evolution of the ventilation flow vector speed
for the linear solution (a/b = 0.0) is shown in Fig. 5-2.
The development is fairly rapid, with steady-state values (~
6 m/s) that are much greater than the vortex motion in the
standard integration (a=1.0,b=1.0). The maximum ventilation
flow vector speed in Fig. 5-2, and the time to reach the
maximum, are proportional to the outer strength in the
vortex. For example, the maximum speed increases from 6 m/s
for vortex S9 to about 8.5 m/s for vortex B3 as outer
strength increases from 4.4 m/s to 8.3 m/s. Also, notice
the large oscillation after the maximum for the large-weak
vortex (B3). This oscillation corresponds well to the
overall greater motion and translation speed increases and
decreases observed in the unsmoothed track for the full
model integrations. This suggests that the translation of
the B3 vortex may be more susceptible to structural changes,
particularly because of the smaller values of the nonlinear
terms in the inner regions.

It is noteworthy that the magnitude of the
ventilation flow vector (referred to as ventilation speed
until otherwise stated) does achieve a quasi-steady state.
Linear dispersion operating alone would eventually cause the
vortex to breakup as noted by oceanographers studying Gulf
Stream eddies (e.g., McWilliams and Flierl, 1979). Although
the ventilation speed does reach a nearly steady state, the
asymmetry in the asymmetric flow continues to increase (not
shown). This increased asymmetry is smoothed out during the
averaging process used to calculate the ventilation speed.
Although a vortex breakup may occur much later, the
ventilation speed is not affected on the time scale of 5-10
days. However, the main point is that the "beta drift
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Fig. 5-2. Magnitude of the ventilation flow vector speed
for the linear solutions of the four vortices. The vortex
number (e.g., Bl for basic, see Table 3-2) is indicated in
the figure.
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potential," as measured by the maximum ventilation speed, of
a tropical cyclone scale vortex can be quite large.
4. Results with Varving a/b Ratjos

The general behavior of the ventilation speed in the
full model integrations with varying a/b ratios is
illustrated in Fig. 5-3 using the basic (Bl) vortex. When
a/b £ 1.0 (relatively weak nonlinear advection), the
ventilation flow increases with decreasing advection (Fig.
5-3a). By effectively slowing the vortex down (decrease in
a/b ratio), the ventilation flow has increased as the g-term
generates a more intense large-scale asymmetric circulation.
Conversely, when a/b > 1.0 (relatively weak linear term) the
ventilation flow decreases with increasing advection (Fig.
5-3b). In this situation, the vortex is moving faster than
the ventilation flow. Ventilation flcw generation is
inhibited as the storm translation is too large to allow the
asymmetric flow to build around the center. Also observe
that the time needed to reach a maximum is around 60-72 h
for b = 1.0 and a < 1.0 (Fig. 5-3a), whereas greater time is
required when the nonlinear term is relatively weak (a=1.0
and b < 1.0 in Fig 5-3b).

The dependence of the adjustment to a steady speed
on the magnitude of gv (linear effects) suggests that the
process by which a steady state is achieved in tropical
cyclone vortices is mainly controlled by the linear
processes. This dependence on the magnitude of the linear
term is more apparent as the 8 term is weakened (Fig. 5-3b).
For example, when the b= 0.5 relative to the nonlinear term
(a = 1.0), the adjustment time is roughly double that with b
= 1.0. Comparable behavior is observed for the other
vortices, except greater oscillations occur after the first
maximum in the ventilation flow. These oscillations are
likely due to a greater degree of variation in the linear
ventilation flow forcing for the large weak vortex (e.g.,
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the 24-h linear solution in Fig. 5-7) and the magnitude of :&
the advective effects in the symmetric perturbations in $
vortex S8 and vortex S9. h
To better understand the ventilation speed derived ‘i

from these model experiments, it is useful to examine the &
tracks (Fig. 5-4). The anticyclonic perturbation vortex %
(S9) is representative of the four initial vortices and the :;
nine integrations. The motion in the weak nonlinear (a = '?
0.05, b = 1.0) experiments (Fig. 5-4a) for all initial ﬁ'
vortices has a nearly equal direction and speed of motion $
toward the NW. As the weighting of the advection term ﬂ:
increases relative to the g-term (a tends toward 1.0), the .
tracks approach the track from the physically correct :ﬁ
experiment (a = 1.0, b = 1.0). This demonstrates in a &
different way the conclusion of Chan and Williams (1987) ‘ﬁ
regarding the great importance of advection in determining ’
both the speed and path characteristics of vortex motion. ) $$
However, when the advection term is relatively greater than %g
the p-term, the track variations as a function of a/b are )
less smooth and have greater deviations from the physically . '
correct integration. ;}
The interactions between the advective and §$
dispersive (B) processes that yield consistent track &‘
behavior as the a/b ratio varies appear to be sensitive to !'
the vortex structure. In the cyclonic perturbation h
experiment (Fig. 5-5), a more marked departure from the h“
smooth transition in Fig. 5-4 occurs as the advection term ﬁi
becomes relatively greater (Fig. 5-5b). The large track o,
deflection toward the north in Fig. 5-5b suggests that ,3
external-to-the-vortex events that might disrupt the balance ﬁ
between the advection and the g-term may lead to greater AL
track deviations for certain vortex structures. -]
A possible physical analog might occur when the ca
base-state absolute vorticity gradient (8 in this research) 32
b )%
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changes in the vicinity of the vortex as it moves. DeMaria o
(1985) has demonstrated such a sensitivity using a e
comparable model and suggested that vortex specification .
would be more critical in certain environments (absolute

vorticity gradients) than in others. These experiments o
suggest a similar sensitivity may exist due to changes in :$
the structure of the vortex that is interacting with an 3f
environment flow in which only g8 is allowed to vary. 1!
5. TIhe Calculated Ventilatjon Speed Function :ﬁ

The hypothesized ventilation speed functions may be Qa
represented by plotting the steady-state ventilation speeds a&

on a straight line with slope equal to the inverse of the
a/b ratio used in the experiment. Physically, these lines n!

assume a perfect match between the linear-induced S:
ventilation flow and nonlinear advection. That is, if the ﬁ!
advection term is weighted twice the g-term (a/b=2.0), then !!
the storm will move twice as fast as the ventilation flow, ﬁf
or that for every unit of ventilation flow the vortex would 3:

move with two units of translation. The position of each W

ventilation speed on these lines corresponds to the value on A?
the y axis. o

The ventilation speed function for the basic Bl §2
vortex is given in Fig. 5-6. As hypothesized, the 0
ventilation speed function decreases rapidly from the linear }!
solution (a = 0.0, b = 1.0) and slowly tails off as the sﬁ
nonlinear motion effects become relatively larger (a = 1.0, ‘EL
b = 0.10). The "balance point," which is the intersection o
of the straight line with slope equal to 1.0 (a = 1.0, b = i
1.0, or the physically realistic model) occurs at ;%
approximately 2.2 m/s. tﬁ

The corresponding steady-state vortex speed are also 1i
indicated in Fig. 5-6 (see Table 5-2 for the values). The "\
vortex motions for the case with b < 1.0 are obtained by ;‘

multiplying the model motion by the a/b ratio. In other :
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words, the model motion is scaled to the physically
realistic case (b=1.0). This approximation is validated by
running the model with (a,b) = (2.0,1.0) and comparing this
motion to that in the (a,b) = (1.0, 0.5) case. The model
motion for the (1.0,0.5) case is about half that of the
(2.0,1.0) case. A similar result is found when comparing
the (a,b) = (4.0,1.0) run to the (1.0,0.25) run and for
other vortices. As stated earlier, the main reason for
reducing b rather than increasing a was to keep the time
step constant in all experiments.

As found in Chapter IV, the vortex motion is
slightly faster than the ventilation speed. This behavior
is consistent in all the experiments and for all the
vortices. The nearly one-to-one relationship between the
ventilation flow and the motion of the center even as the
relative scaling of the nonlinear and linear processes is
changed indicates how the forcing (linearly-induced
ventilation) and the motion (nonlinear advection) control
the speed of motion.

Ventilation speed curves for the other vortices are
shown in Fig. 5-7 for the weak-large vortex (B3) and in Fig.
5-8 for the symmetric perturbations (S8 and S9). Unlike the
basic vortex, these curves are not smooth and do not pass

through the balance point at the same angle. In the case of

the weak-large (B3) cyclone, the ventilation flow actually
increages toward the physically correct a/b ratio of 1.0
(the heavy line in the Fig. 5-7) as the speed of motion
increases from a/b < 1.0. This is contrary to the Bl vortex
in which the ventilation speed decreases uniformly with
increasing vortex translation. Also, notice how the slopes
of the curves change around the balance point in the
symmetric perturbation integrations (Fig. 5-~8). This may be
indicative of the motion "stability" of the vortex. This
"stability" determines how the motion would change in

199

- N
a

-
P

P
b )

s
"

PR N As
A‘A "'



T T R T L P TR T IO PO TUR TR O TV TUR T U T WU LI O TUR TR 1O TOR LR SR TUR PN N LM AR AR T K ) RAY RPN N "o B 7N 0.‘;

o2 4

(0.00,1.00) (1.00,1.00)
(0.05,1.00)

100 [©10199 ©25100 ©0.100

8.0

6.0 i,
v vent (1.00,0.50) .

(mis) : !p
4.0~ {1.00,0.25) :2:
/ ':':n

204 (1.00,0.10) o

] \
20 4.0 6.0 8.0 10.0 12.0 14.0 N

vorte :
mn)x i!

Fig. 5~7. As in Fig. 5-6, except for the weak, large (B3) §$
vortex.
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Fig. 5-8. As in Fig. 5-6, excegt for the basic, (Bl) vortex
{solid& and the ¢yclonic (dash-dot) and the anticyclonic
dashed) symmetric perturbation vortices.
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response to external (synoptic factors) or internal (cyclone
factors) changes in the balance involved in beta drift.

Small changes in the vortex motion around the
a/b=1.0 curve could lead to large changes in the ventilation
flow and subsequent adjustments to the pg-induced flow and an
external environmental forcing. For example, if the vortex
were forced to intensify (e.g., convergence in the lower
troposphere) in the critical annulus (greater outer
strength), then the asymmetric flow and the ventilation flow
would change due to different linear effects (i.e.,
increased gv). The ventilation speed function suggests that
the response of the vortex motion to this change in the
ventilation would be different depending on the existing
structure in the outer regions.

TABLE 5-2. Comparison of ventilation flow vector and the
motion vector for the basic vortex experiment.

e ofha 5 BP0 mr g g mmoge
MAX Ss 8s MAX S§S SS TIME TIME
0.05 1.00 0.53 0.50 316 6.17 6.10 333 96 96
0.10 11.00 0.77 0.70 316 5.45 5.10 340 72 84
0.25 1.00 1.25 1.10 320 4.33 3.70 334 72 84
0.50 1.00 1.82 1.50 323 3.36 2.70 333 72 84
1.00 1.00 2.69 2.40 327 2.54 2.20 330 72 72
1.00 0.50 4.14 4.00 332 2.00 1.80 335 108 110
1.00 0.25 6.44 6.40 337 1.56 1.50 339 200 220
1.00 0.10 9.50 8.50 333 1.06 1.06 338 300 400

SF ADVEC

Scale factor on the nonlinear advection term
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It was hypothesized in Sec. IV-C that the dynamics
of beta drift involves a balance between ventilation flow
generation by Rossby dispersion (fv) and ventilation flow
"reduction™ or compensation by the motion of the vortex. 1In
this set of dynamical sensitivity experiments, the ratio
(a/b) of nonlinear to linear (Bv) effects is varied to
understand the relationship between the ventilation flow
vector and the speed of motion, and also the nature of the
balance.

The ventilation flow vector, which is defined as the
mean asymmetric flow within 300 km of the center, is found
to be very nearly equal to the motion (scaled by a/b). This
correspondence is maintained for various a/b ratios. The
"beta-drift potential," which is defined by the maximum
ventilation speed from the linear solution, is much greater
(~ 6 m/s) than the actual motion. The magnitude of the
actual beta drift is constrained by both the nonlinear
processes (the motion) and the linear processes (v that
generates the asymmetric advecting flow), and therefore by
the vortex structure. However, the nonlinear processes that
actually move the vortex effectively limit the maximum speed
possible by reducing the time available for development of
the asymmetric gyres by linear processes.

The ventilation speed curves in Fig. 5-6 through 5-8
provide another illustration of the balancing between
nonlinear and linear effects and how this balance varies
with vortex structure. It is also suggested that the
relationship between changes in the speed of the vortex due
to non beta~drift factors, and the beta forcing (the
ventilation flow) at the balance point may be important for
understanding how tropical cyclone motion changes can occur.
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B. NONLINEAR-ONLY SOLUTIONS AFTER LINEAR FORCING

The tendency analysis in Sec. IV-D shows that large-
scale asymmetric gyres are generated by Rossby dispersion
(the 8 term in the model equation). These gyres produce the
ventilation flow that advects the vortex. A more important
result of the tendency analysis is that the nonlinear
processes act to modify the continuously forced gyres
through a counteracting tendency.

In this section, the nature of the nonlinear adjustment
processes in the large-scale gyres is studied using a
dynamical sensitivity approach in which the model is
initialized with a linear solution, but is then integrated
with only the nonlinear terms. That is, the adjustment of
the linear solution (8 term only and containing the
asymmetric gyres) to the nonlinear effects. This procedure
allows the nonlinear advective processes to be studied
independently of linear dispersion. Although these
experiments are theoretically motivated, they do parallel a
physical situation in which the base-state absolute
vorticity gradient suddenly (instantaneously in this test)
is reduced to zero (e.g., anticyclonic shear in the storm
environment exactly offsets the g term).

The key questions are:

(i) How does the motion of the vortex depend on the

length of the linear forcing?

ii) How, and on what time scal are the asymmetric
(14) gyres modified by the nonlinear processes?

(iii) How does the vortex flow in the critical annulus
induce turning motions due to nonlinear advection
and to what extent do_these turning motions depend
on the linear forcing?

1. Experiment Desiagn
The same four vortices used in the previous section
are again selected to represent a range of vortex
structures. In the first set of experiments, two 144-h

nonlinear-only integrations are made for each vortex with
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initial conditions derived from a previous linear
integration (e.g., see Fig. 5-1). During these linear
integrations, the amplitude of the asymmetric gyres at 24 h
is twice that of the 12-h solution and contains a
significant (1-3 m/sec) ventilation flow (Fig. 5-3). Two
initial conditions from the 12~ and 24-h linear solutions
are specified to determine how the motion depends on the
amplitude of the forcing. In the second set of experiments,
the nonlinear-only integrations (from the 24-h linear
solution initial conditions) are extended to 288 h (12
days). These runs are used to establish the very long-term
motion characteristics.

2. Irack Results

The 144-h tracks for all four vortices are shown in
Fig. 5-9 for the complete model forecast and the nonlinear-
only forecasts. The reference forecast using the full model
equation is initialized with the symmetric vortex rather
than the linear solution as in the two nonlinear-only
simulations. Full model integrations with initial
conditions from the linear solutions (i.e., equivalent to
the nonlinear-only runs) yielded essentially the same track
(differences on the order of 5%). Whereas the full model
has both the linear and nonlinear effects that produce the
asymmetric forcing and motion, the model with only nonlinear
effects does not include the linear forcing that generates
the asymmetric gyres. Thus, the pre-defined asymmetric
circulation in the initial condition is not changed by
linear processes during the integrations.

The most striking feature of the tracks in Fig. 5-9
is that the length of the nonlinear-only tracks can be
scaled by the length of time that the initial linear
solution is integrated. As the length of the linear forcing
is doubled (12 h versus 24 h), the length of the track is
also doubled. Also, observe that the vortex moves rapidly
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during the first 12 h, then slows down, and reaches an .

apparent steady atate around t = 72 h. é

Another important characteristic of the tracks in i)
the nonlinear-only experiments is the curving away from the i
reference track. The dynamical interpretation is that the &

gyre rotation due to the advection of asymmetric vorticity "
by the symmetric flow (Sec. IV-D) is not being compensated e
by gyre development. That is, the generation of the

asymmetric gyres by Rossby dispersion is not part of the ;
rotation process.

Linear effects alone will produce gyres with a
ventilation flow oriented north-south as in the linear
solutions (e.g., Fig. 5-1). In the full model, the gyre @
rotation due to nonlinear advection tends to be "adjusted" ¢
toward the linear solution when 8 » 0. When the 8 term is !
set to zero, nonlinear advection continues to rotate the
gyres, which causes the vortex to continue on a curved path.
For example, in the anticyclonic perturbation vortex case 0.
(Fig. 5-9d), the nonlinear-only tracks show greater )
anticyclonic turning compared tc the full model track. When .
both the nonlinear and linear terms operate, the asymmetric b
gyre formation tends to counteract the nonlinearly induced
rotation by forcing the gyres toward the north-south A
orientation of the linear solution. The tracks also
indicate that the full-model track and nonlinear rotation
are functions of both the initial asymmetric flow and the
symmetric structure (e.g., the Bl vortex in Fig. 5-9a versus }i
the B3 vortex in Fig. 5-9b).

An unusual track forecast occurred with the S8 W

"

vortex (Fig. 5-9c¢). During the first 72 h of the nonlinear- ﬁ
¢

only integrations, the vortex moves as in the full model. A
However, the cyclone then loops and finally heads toward the N
north. To understand this behavior and to more fully N
¢
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understand the persistent motion in the nonlinear-only
integrations, the asymmetric flow is examined. o

3. The Asvmmetric Streamfunction X

The initial asymmetric streamfunctions from the 24-h

linear solution for the four vortices are shown in Fig. 5~ u
10. The amplitudes of the gyres (refer to minimum contour) N
range from 0.7 to 2.5 x 10° n?/sec and are proportional to:
(1) the ventilation flow; (ii) the outer strength; and (iii)
the length of the tracks in the nonlinear-only integrations N

starting from the 24-~h linear solutions. The patterns for Q

t
the Bl-class (i.e., Bl, S8 and S9) vortices are very %
similar, as each has a separation of approximately 400-500 b

km between the cyclone center and centers of the gyres at 24
h. The weak-large vortex (B3) produces a more intense and h,
larger scale set of gyres and a greater ventilation flow. A th

common feature of all the asymmetric flow patterns at 24 h
is a weak gradient around the center that is associated with $
the inner-core gyres (refer to the relative asymmetric flow ﬁ
discussed in Sec. IV-C). ‘ ' ;s

The time evolution of the Bl vortex asymmetric |
streamfunction field illustrates how the nonlinear processes -:
act to limit gyre development (Fig. 5-11). In the gradient %
wind relationship, the nonlinear term is approximated as a ,?
centrifugal force proportional to vz/r. The centrifugal ',
force resists deflections from a symmetrical state when the Y
symmetric circulation is much stronger than the asymmetric k
circulation, which is typical of the tropical cyclone. 3

Applying this approximation to this model, it is expected

that the rate of nonlinear restoration toward a symmetrical
state would be largest near the center where the centrifugal N
force is greatest and would become progressively smaller at :
large radii. The questions are how fast does this process
operate and at what radii will the process be effective in

A
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diminishing/offsetting the asymmetric flow in the initial

conditions. n
The amplitudes of the asymmetric gyres varies o

§

smoothly and slowly throughout the 144-h integrations (Fig. b

5-11). Thus, examining the field every 36 h will be X
sufficient to depict major features. At t = 36 h (Fig. 5- Od

lla), the gyres have rotated to orient the ventilation flow @
toward the north-northwest rather than toward the north as ®
, in the initial conditions (Fig. 5-10a). Notice that the w
streamfunction between the gyres is distorted. This ?
distortion spreads radially outward during the remainder of %
the integration as the gyres are also spread apart (Fig. 5- )

11 b and c). Even though the gradient between the gyres has ¥
been considerably weakened, a broader-scale ventilation flow
through the center remains at t = 144 h (Fig. 5-11d).
Although no linear forcing is included in the model, the ®
nonlinear effects do not completely eliminate the asymmetric B
flow that was present in the initial conditions, presumably
because the nonlinear effects become progressively weaker in . Y
the vicinity of the gyre centers.
Another way to depict the weakening of the ¢
asymmetric flow between the gyres is to examine the relative e
asymmetric flow (motion vector is subtracted from the ﬁi
asymmetric flow). The relative asymmetric flow (Fig. 5-12)
tends to zero when the motion is equal to asymmetric flow, N

in which case a balance exists between the vortex motion and }E
the ventilation flow forcing. This large-scale balance does ;f
not apply at the center where the flow is zero and the {?
relative asymmetric flow contains a small-scale, inner-core ‘ﬁ
gyre. The fields in Fig. 5-12 have been smoothed using a :ﬁ
non-complex Shuman (1957) smoother-desmoother so as to e
emphasize the larger-scale aspects of the flow. ) W
Unfortunately, this smoothing also reduces the inner-core $ﬁ
gyres. The spreading of the region in which the asymmetric .%
By
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flow matches the motion is over a progressively larger area
until about 72-108 h. Because the processes reduce the
asymmetric flow predominately in the inner regions, the much
larger scale, "background" asymmetric gyres are not removed
) and the ventilation flow between the gyres continues to
advect the storm. This experiment demonstrates a different
y type of dynamics occurs within the "balanced region" and
cutside this regions.

4
.,

"- - -y

Pl Nl KO K

. A final observation on the asymmetric flow is the I'
\ nearly constant orientation of the gyre centers with respect }‘
to the vortex center (t > 72 h). The entire system (both g
the symmetric and asymmetric components) appears to move in )
unison and to act as single entity. The nonlinear processes 2
are the obvious key to this cohesiveness. %
4. Very Long Integrations ' oy
The persistence of the background ventilation as L
suggested in the relative asymmetric flow is confirmed by h:
‘ continuing the integrations to 288 h from the 24-~h linear T:
solutions. These tracks are plotted relative to the ¢
corresponding 144-h full model track (Fig. 5-13). First, E
observe that the turning motions as noted in Fig. 5-9 0!
continue throughout the integration, except for the S8 }
cyclonic perturbation vortex (Fig. 5-13c). These turning X
motions relative to the full model track are due to strictly ‘!
nonlinear effects. As shown earlier, linear forcing would $

oy

DL A A LS

continuously establish a ventilation flow with a north-south
orientation and therefore acts to stabilize the turning due
to advective processes. Thus, the motion "stability" and X

the balancing of nonlinear and linear effects will depend on %
jv 4
both the vortex structure and the base-state absolute ::
vorticity gradient (linear forcing). X
The cyclonic symmetric perturbation vortex (S8) is S
Y
apparently an example of an "unstable" structure in the é_
sense that the nonlinear processes induce such a large k:
]
o
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turning motion that the storm actually "loops." After the
loop at t = 72 h, the cyclone moves in a straight line. The
symmetric perturbation that induces the turning motion
causes a complete cyclonic rotation of the asymmetric gyres.
At t = 36 h (Fig. 5-14a), a smaller-scale (r < 600 km) set
of gyres begins to break away from the larger-scale gyres.
In the middle of the loop at t = 72 h (Fig. 5-14b), these
smaller-scale gyres have lost amplitude and have rotated
120° from the t = 36 h position, which orients the
ventilation flow toward the southeast. The larger scale
gyres appear to be disconnected from the ventilation flow.
By t = 144 h, the smaller gyres have rotated back to their
initial orientation and seem to have "hooked up" with the
large-scale gyres to form a more stable arrangement. The
ventilation flow orientation is consistent with the
northward track beyond t = 144 h.
5. Tangential Wind Profiles

The azimuthal-mean tangential wind profiles (not
shown) remained essential invariant during the nonlinear-
only integration. This is another indication that the
linear processes are responsible for the changes in the
symmetric structure, particularly in the outer regions. The
slight changes in the tangential wind profiles are also
consistent with the consistent turning motions and speed
(except for S8) after the initial acceleration when the
advection process begins to operate.

6. umma

A series of dynamical sensitivity tests have been
made in which only the nonlinear term is included during the
integration. The initial conditions are derived from a
previous linear solution at 12 h and at 24 h. The amplitude
of the asymmetric gyres in the linear solution grows
linearly in time, so that the ventilation flow in a 24-h
solution is twice as strong as that in a 12-h solution. The
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contour interval = 100 (x10%) m2/s
minimum contour = -500 (x103) m?/s
maximum contour = 900 (x10%) m?/s

Fig. 5-14. (Continued)
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Fig. 5-14. (Continued)
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purpose of these experiments is to understand how the
nonlinear processes separately modify the linearly-induced
asymmetric gyres.

The length of the track in the nonlinear-only
integrations is proportional to the "spinup" time of linear
solution used in the initial conditions. That is, the
forecast track using the 24-h linear solution is twice as
long as from the 12-h solution.

The vortex motion is very persistent even during a
12~day integration that includes only the nonlinear terms.
The asymmetric streamfunction shows that the large-scale
asymmetric gyres are diminished by the nonlinear term within
a region of about 600 km during the first 72 h, but then the
gyre flow seems to come into balance within this region.
This weakening of the gyres proceeds outward from the inner
regions where the largest nonlinear terms exist. Although
the nonlinear processes act to weaken the motion-forcing
asymmetric flow, a "residual" very large-scale advecting
flow still remains without any linear forcing during the
integration. It is reasoned that this residual or
background flow moves the entire system while the nonlinear
processes bind the symmetric and asymmetric circulations
together as a single entity.

For all four vortices, there are significant track
deviations from the full model integrations that do include
the linear terms omitted in these integrations. In general,
the deviations are in the same sense and with larger
amplitudes than the long-term turning motions associated
with vortex structure changes in the full model solutions.
Based on the streamfunction tendency analysis in Sec. IV-E,
the linear processes continuously generate the asymmetric
flow. It is this forcing that tends to resist or "balance"
the nonlinearly-induced rotation of the asymmetric gyres.
When these two asymmetrical flow processes are in
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equilibrium in the full model, the motion reaches a steady
state. These nonlinear-only experiments confirm the basic
features of this balancing process. In the cyclonic
perturbation vortex, the cyclonic gyre rotation effect is
initially so strong that the absence of linear compensation
causes the gyres to complete a cyclonic loop before
stabilizing into a northward orientation (versus the
expected westward track). The asymmetric flow within 500 km
of the center (region of larger nonlinear effects) in this
looping case appears to disconnect from the large gyres
during the rotation period.

In conclusion, the nonlinear-only model integrations
underscore the balancing aspect of the advection-linear
dispersion relationship. Rossby dispersion forces an
asymmetric flow with a fixed (north-south) orientation,
whereas the nonlinear effects tend to rotate the gyres
depending on the strength of the symmetric vortex flow in
the r = 300 - 800 km critical annulus. It is the interplay
between the rotation effect and the stable Rossby dispersion
effect that controls the orientation and strength of the
beta drift. It will be demonstrated by very-long
integrations of tae full model in Chapter VI that the linear
processes eventually force a single beta drift motion vector
regardless of the initial vortex structure.

C. MODIFYING THE SYMMETRIC/ASYMMETRIC NONLINEAR INTERACTIONS

The nonlinear-only integrations in the preceding section
demonstrate that nonlinear advection is responsible for the
motion of the center and acts to "bind" the symmetric and
asymmetric circulations together in such a way that they
translate together. This implies that the essential
dynamics of the vortex motion are contained in the nonlinear
processes. In particular, a change in the vortex structure
modifies the motion through different advective effects. 1In
this section, the nature of the nonlinear motion dynamics is
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addressed by integrating a revised model that allows the
terms responsible for the interaction between the symmetric
and asymmetric circulations to be modified. This type of
experimentation may be considered to be another form of
dvnamical sensitivity analysis. As with more traditional
sensitivity tests involving the thermodynamic processes, the
purpose is to determine the relative significance of one
process in relation to other effects. It should also be
noted that such sensitivity experiments implicitly assume
that the interactjon of the modified processes with the rest
of the model processes will not substantially affect the
interpretations .

1. The Symmetric/Asymmetric Form of the Model Equation

In the model streamfunction tendency analysis (Sec.

IV-E), the total vortex system is divided into a symmetric
and asymmetric components (see development in Appendix C).
The final form of the revised model equation is

P - .
s_s = a(r) « H 1(-J(¢a,v2¢s) + b(r) « H 1(-J(¢s,V2'ba)
ASVA AAVS
+ H (), (5.2)

where H ' is the inverse operator of H(f) = vzf, ASVA is
the advection of symmetric vorticity by the asymmetric flow
and AAVS is the advection of asymmetric vorticity by the
symmetric flow.

As suggested by the tendency analysis in Chapter 1V,
the motion of the center occurs by two advection processes.
Advection of the inner-core asymmetries by the symmetric
flow (AAVS) yields a small-scale, motion-type tendency
pattern that moves the inner core. In contrast, advection
of the symmetric vortex by the asymmetric flow (ASVA)
produces a larger-scale motion tendency that moves the
larger-scale component of the symmetric circulation (r < 600
km) .
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In the following experiments, the terms representing

the interaction of the symmetric and asymmetric circulations
have been given multiplied by additional factors that vary

with radius

fa1
a(r) = fa‘ + [
fa2
and
fb1
b(r) = fb1 + [
b,

fa = La

]'(r - rla)

(5.3)

fp, = fp,

b ~ b

]-(r - rlb)

(5.4)
These "radial weighting" factors permit experiments in which

r<r
2
r r<r
a S ¥sra

r>r
22

<
r<rp
I'b ST=s<Tp

r>r
)

the magnitudes of the nonlinear interaction terms may be
arbitrarily adjusted to make different contributions to the
total tendency as a function of radius.

2.

E iment Desi

Two classes of modifications are considered.

In the

first, the nonlinear interaction terms (ASVA and AAVS) are

separately set to zero to illustrate the relative

contribution of each advection process to the motion.

In

the second set, the interaction terms are set to zero

outside successively larger radii to illustrate where (in

which annulus) the interaction processes are critical.

As shown by the experiment parameters given in Table

5-3,

the linear term is held fixed in all the runs.

The

first character in the Exp. No. refers to type of experiment

and to the initial conditions with "A" and "B" signifying

that the original analytical profile was used and "C" and

)Y > M ) L A% TR YV, ¥
B30 N T (R A G T,
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Al

"D" mean that the model was initialized with a previous 72-h
full-model solution. These 72-h solutions contain well-
developed, quasi-steady state asymmetric flows and are used
to illustrate how the model results depend on the existence
of an asymmetric circulation.

ABLE S-i. Paramiters of thi nonlinear symmetric/asymmetric
nteraction dynamical sensitivity experiments. ASVA refers
to advectijon of s etric vorticity by the asymmetric flow
and AAVS 1s_the advection of asymmetric vorticity b{ the
s etric flow. Tp 1s the time of the initial conditions
where 0 refers to Phe analytical s etric vortex and 72
means the initial conditions came from a 72-h solution of
the full model. The parameters (f, , f5 , etc. ) are
defined by (5.3) and (5.4) 1 2

Exp. £ £ r r T Comments

§g. al fa2 bl sz al raz bl I‘b2 m

Al 0 0 1 1 300 400 300 400 0 ASVA=0

Bl 1 1 0 0 ——— m—— e—e —-- 0 AAVS=0

A2 1 0 0 (0} 400 500 === === 0 Modify ASVA
B2 0 0 1 0 -=—= === 400 500 0 Modify AAVS
B3 0 0 1 0 ——— == 200 300 0o Modify AAVS
Cl 0 0 1 1 300 400 300 400 72 ASVA=(0

D1 1 1 0 0 ——— mem  cee === 72 AAVS=0

C2 1 0 0 0 400 500 === === 72 Modjify ASVA
D2 0 0 1 0 == === 400 500 72 Modify AAVS
D3 0 0 1 0 ——— === 200 300 72 Modify AAVS

There is no direct physical analog for setting one
of the interaction terms to zero everywhere. However, the
experiments in which the tendency modification is made
outside the inner regions could be relevant to a situation
in which the environmental flow (nonlinear effects) are
changing.

3. Setting ASVA to Zero

In the inner-core, the advection of asymmetric
vorticity by the symmetric flow (AAVS) produces a small-
scale, motion-type tendency. This inner-core process is the
only nonlinear motion process if ASVA is eliminated. ASVA
corresponds to the motion of the larger scale vortex
(symmetric circulation) by the ventilation flow (asymmetric
circulation).
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When the model is begun with the initial symmetric
vortices and ASVA is completely eliminated (Exp. Al), the
storm moves in nearly the same direction, but with reduced
speed (Fig. 5-15). In general, the motion contribution due
to the inner-core asymmetric gyres is roughly 1/3 compared
to the track from the full-mcdel integration. This
percentage does vary with structure, particularly in the
symmetric perturbation experiments (S8 and S9 in Fig. 5-15c
and d). The track is approximately 60% of the full-model
forecast in the cyclonic-perturbation vortex, but only 15%
for the anticyclonic-perturbation vortex.

There is a slight variation in the tracks when the
model is initialized with a well-developed asymmetric flow
(Exp. C2, not shown). However, the basic result of reduced
motion along the full model track is very similar to that in
Exp. Al. Thus, the motion due to the inner-core process is
not a function of an initial large-scale asymmetric flow.

4. Setting AAVS to Zero

When the advection of asymmetric vorticity by the
symmetric flow (AAVS) is eliminated throughout the domain
(Exp. Bl), the only motion process is the large-scale
advection by the linearly-generated ventilation flow. It
might be expected (e.g., as in Holland, 1983) that the
center would move almost straight north as the large-scale
gyre rotation due to the advection of asymmetric vorticity
by the symmetric flow beyond the inner core would be
eliminated. As shown in Fig. 5-16a the center actually
moves toward the southeast with a cyclonic hooking motion
for the Bl vortex. The anticipated northward track only
occurred for the weak intensity, but large B3 vortex (Fig.
5-16b). Furthermore, the unusual motion did not depend on
the initial asymmetric flow (Exp. D1, not shown).

Examination of the asymmetric streamfunction in Fig.
5-17 shows that the asymmetric flow for the Bl-class
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vortices (only Bl is shown) breaks down into two sets of
gyres when AAVS is set to zero. The large-scale gyres
appear to twist anticyclonically within the inner portion of
the storm and then detach to form a separate set of gyres at
24 h. This deflects the ventilation flow at the center
toward the east and south. As the small-scale gyres detach,
the large-scale gyres rotate cyclonically (as in the full
model solution), which leads to a complete separation
between the inner and outer gyres.

As shown in Sec. IV-E (see Figs. 4-22 and 4-23),
both the large-scale (ASVA) and the inner-core (AAVS)
motion-type tendency dipoles have a pattern with y falls

ahead of the center and y rises behind. The centers of the
falls and rises are aligned with the motion vector (i.e.,
are in phase). However, application of such a tendency
pattern to a constant streamfunction field or to a
stationary nearly symmetric vortex would result in the
formation of a cyclone (negative tendencies) to the north
and an anticyclone (positive tendencies) to the south (see
Fig. 5-17a around the vortex center) in the asymmetric flow.
It was hypothesized in Chapter IV, and suggested by
Marks and Houze (1987), that the inner-core region is moved
primarily through the advection of asymmetric vorticity by
the symmetric flow (AAVS). If this hypothesis is true, then
when AAVS is set to zero, the inner-core motion is
suppressed and the center will remain stationary. 1In this
situation, the only way for the center to move is if the
scale of the ASVA motion forcing becomes small enough to
influence the inner-core region. It is further reasoned
that the dependence of the inner-core motion on AAVS is a
function of the inner strength because AAVS depends on the
symmetric circulation (i.e., tangential wind) and will be
greater for stronger inner-region flows. The expected
northward motion of the weak-large B3 (Fig. 5-16b) vortex
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and the unusual results with the basic vortex (Fig. 5-16a)
supports this reasoning.

In the case of the Bl-type vortices (Bl1, S8 and S9
with the same inner strength), the inner-core does not move R
initially and the tendency pattern in the advection of &
symmetric vorticity by the asymmetric flow (ASVA) generates !
small-scale gyres in the inner core and an associated '
ventilation flow (Fig. 5-17a). When these gyres reach
sufficient amplitude (~ 12 h), ASVA then moves the inner

A AR

SN

core. However, the small-scale ventilation has been
oriented toward the east (Fig. 5-17a) and southeast (Fig. 5-
17b) and thus the center moves with an eastward component.

ran s

This eastward-directed ventilation is a direct consequence

of the small-scale cyclonic (anticyclonic) gyre to the north
(south) due to the ASVA tendency dipole. It is also
important to notice that the "disconnection" between the
small-scale gyre forced by ASVA and the linearly-induced
large-scale gyres prevents the center from being influenced

S
rd

LAY A
p T R

by the larger-scale advective forcing. For the weak-large
(B3 vortex), a similar set of small-scale gyres starts to
form at t = 12 h (Fig. 5-17c). However, the separation of
these gyres from the larger-scale gyres does not occur (Fig.
5-17b versus Fig. 5-17d) and the center translates with the
linearly-induced ventilation flow.
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R

Because the disconnection (or lack of a

b T Y |

disconnection in the weak-large vortex) depends on the

i

vortex structure, the ratio of nonlinear to linear terms may

Yl od

be a critical factor. The inner strength is greater in the
basic vortex than in the B3 vortex. This means that the
nonlinear terms are stronger in the inner portion of the

Y

A

basic vortex. However, the linear g8 forcing is greater in
the B3 vortex compared to the basic vortex because of
greater outer strength. Thus, the magnitude of the
nonlinear effects (advection) relative to the linear effects
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(strength of the ventilation flow) should be greater
throughout the basic vortex than in vortex B3.

When the nonlinear term is relatively stronger than
the linear forcing, the motion of the center depends more on
inner-core motion process (AAVS). In this situation, AAVS
acts to connect the motion of the inner core to the motion
of the symmetric vortex on a somewhat larger scale (roughly
300 km for Bl).

The conclusion from this reasoning is that the aAsva
dipole must have the correct scale (pattern) in order to
move the larger-scale symmetric vortex. When the inner
asymmetric circulation is distorted through ASVA by setting
AAVS to zero as in these dynamical sensitivity experiments,
the scale of the ASVA-dipole decreases to such an extent
that it prevents the inner core from connecting or "phasing"
with the motion of the larger-scale symmetric circulation.
The importance of this phasing mechanism depends on the
strength of the inner nonlinear terms relative to the linear
forcing in the inner region.

5. odifyin \'/

The second type of nonlinear tendency modification
concerns the relative importance of "outer" (r > 400 km)
versus "inner" advective effects. The largest magnitudes of
the nonlinear terms are in the inner regions of the vortex.
Even though the nonlinear terms are smaller beyond r = 400
km, the linear forcing is also weaker (v is smaller). Thus,
it is hypothesized that there may be subtle balances in the
outer zone that could affect the motion of the center by
influencing the large-scale, asymmetric gyres.

When AAVS is reduced to zero only for r > 400 km
(Exp. B2), there is a more northward drift and a greater
speed of motion for all cases (Fig. 5-18). This is expected
as the rotation of the large-scale gyres due to advection of
asymmetric vorticity by the symmetric flow has been
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Fig. 5-18. Tracks to 72 h for the full model ésolid) and
Exp. B2 (short-dashed) and Exp. D2 (long-dashed). In Exps.
B2 and D2 the advection of_asymmetric vorticity by the
sxmmgtrlq flow (AAVS) is elimlnated outward of r = 400 km.
The initial vortex for Exg. B2 comes_from_ the analytical
symmetric vortex in Exp. B2 and for Exp. D2 comes Irom a
previous integration and therefore contains a model-
generated asymmetric circulation. _Panel (a) 1is for the
weak-large vortex; (EA for Ehe cyclonic perturbation
vortex; and (c) for e anticyclonic vortex.
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eliminated in the outer region in which the gyres reach peak
amplitude. At the same time, the inner-region (r < 400 km)
continues to move due both to the inner-core motion process
(AAVS) and larger-scale ventilation flow (ASVA).

When the model is initialized with a vortex
containing a well-developed asymmetric circulation (Exp.
D2), the turn to the north does not occur until after 48-60
h for the weak-large B3 and cyclonic perturbation S8 vortex
(Fig. 5-18a and b). For the anticyclonic perturbation
experiment (S9), the initial asymmetric flow prevented the
turn to the north (Fig. 5-18c). For this vortex, the
asymmetric gyres are on a smaller scale and the AAVS
nonlinear effect is less important beyond r = 400 km
compared to the other vortices. The different result for S9
is another indication that the nature of the dynamical
motion processes is strongly dependent on the vortex
structure.

The turn to the north in the cyclones (vortices B3
and s8) with greater cyclonic flow in the critical annulus
(r = 300 - 800 km) is related to the linear effects. Rossby
dispersion tends to create large-scale asymmetric gyres with
a ventilation flow oriented north-south (see linear
solutions in Figs. 5~1 and 5-10). Thus, if the gyres are
initially oriented away from the north-south direction (as
in the steady-state full model solution) and are prevented
from rotating, then the ventilation flow vector would
eventually become northerly as the gyres would be forming
with the north-south orientation of the linear solution
(i.e., nonlinear effects small). The delayed response to
the AAVS tendency modification when the model is initialized
with a developed asymmetric flow (Exps. B2 and B3 versus
Exps. D2 and D3) suggests that the time scale required for
outside flow changes to affect the motion of the center due
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to the modified nonlinear forcing is slow compared *+o
the time required to form the asymmetric gyres.

The tendency analysis and the AAVS-only experiments
(Exp. Al when ASVA = 0) show that the AAVS term not only
rotates the ventilation flow vector, but also acts to
suppress the growth of the large-scale gyres due to linear
dispersion. By reducing AAVS, the amplitudes of the large-
scale gyres tend to grow beyond the amplitude obtained in
the complete model integration. This increased amplitude
implies a larger gradient in the asymmetric streamfunction
across the center, which increases the ventilation flow and
the speed of motion.

In a second set of model experiments, the AAVS term
is eliminated outside r = 200 km (Exp. B2) vice 400 km (Exp.
B3) to determine the importance of this process closer to
the vortex center. The tracks for the Exp. B2 and Exp. B3
integrations (Fig. 5-19) for the basic and weak=-large
vortices show greater motion disruption when AAVS is
eliminated close to the center. Also notice that the
disruption is more severe for the basic vortex (compare Fig.
5-19a versus Fig. 5-19b) than for the weak-large cyclone. In
the vortices with significant cyclonic flow in the critical
annulus, ASVA (when AAVS is set to zero) rapidly modifies
the inner asymmetric flow. This apparently prevents the
formation of a broader-scale (around 500 km wide) uniform
ventilation flow and implies that the nonlinear motion
processes for stronger inner strength vortices must
"cooperate" in order for the vortex to achieve a steady-
state motion. That is, the two nonlinear advective effects
do not act separately to move the small and large-scale
components of the vortex. Rather, the motion processes
produce a combined effect that does not operate
independently of one another. This is a further indication
of the complicated nature of the nonlinear processes.

258

'd".{ I”* - p 1)\..\*\,1‘. 1..\"'\ \-'*\a._'\.rw..\ ‘\-‘-""~'_\J“\J‘\.".“.\;-.‘--;.,-:.\'.‘-'.'-.\'a-, »‘ - o el '.

RIS pL LA

TSNS LA S TR

e

l:".,"q': .

S-S5

PIAT Y

AL N



;,’.o' e SO YO WO PO YOO RO O KRV ' T R T N I R P o T R N R i R = R T U ™ g ™ = = =
)
&

1200 . - ,

h 5)‘" V‘ )s)‘.“.}t.

OF 2 2 L

800 ~ ' -

i
v
T

Y (KM)

400 ~

LN
Vet

"‘I' :. 'l
[ ]
1

[
Y
. .

R "L’L’k’ ."
]

-400 ' : - l —
-1300 -700 -100 500

X (KM)

vn

& w
“u
)

LRERENL ALY

YU ale

48,
- 8

Fig. 5-19. As in Flg. 5-18 except that AAVS is eliminated
outward of r = 200 km. Panel (a) is for the basic vortex;
and (b) is for the weak-large vortex.

)
ASNSS

-
PR

o

.
A LA

259

-

[ &

[N

7.2,47,

.\.r.e\.r o n r.r {.‘f\-.f-"q o an Il L _J". "

N NIRRT " N CCINy s.\"x'\.'(\."\."\‘-a'.\\\.'\'\\




VR T OOU O N R A Y N A A YV Ry T Lage

1200 .

800 ~

400 ~

Y (KM)

-400 -
~1300

Fig. 5-19.

AP AT A \-. R A e "
L 0w Mo P

P

ECRARS o
7z, AN NN IS o

Rt T T T Y

| v T T
. 1
L 1 1 1
-700 -100 500
X (KM)
(Continued)
260

VAN AR N

.r.i%-

SRS

- -
G g

.
¥ ».
Pl

L
-,

AN 4

L o ol ol o
]

v
Ly

= ?' .Y,l(!{

-~

Elldr)



__ Ba® Ut 83® g ¥

D i .u'l.o

U U TR TR O VR PR R T N A R O, A0 B B a p b atiaiha gt tiedia gt s ph an

6. Modifying ASVA

As shown in Chapter VI, the advection of symmetric
vorticity by the asymmetric flow (ASVA) produces a larger-
scale, motion-type tendency dipole pattern with the greatest
values inward of r = 400 km. In these experiments, ASVA is
set to zero in the outer zone (r > 400 km) to determine how
this advection process contributes to the evolution of the
large-scale gyres. The tracks (Fig. 5-20) are similar to
those experiments in which AAVS is modified, except that the
deviation is to the left of the complete model track or a
more westerly motion. The asymmetric flow for vortex Bl
(Fig. 5-21 compared to Fig. 5-17d) shows that the rotation
of the gyres has been exaggerated compared to the full model
integration. That is, elimination of ASVA in the outer
region has enhanced the gyre rotation by AAVS. Also,
observe that the amplitudes of the gyres have been increased
to give a greater speed of motion and the sudden
streamfunction changes in the zone in which ASVA drops to
zero. These results imply that the advection of symmetric
vorticity by the asymmetric flow also contributes to the
"balancing" between the nonlinear and linear effects that
causes the gyres to stabilize in the steady state (refer to
Sec. IV-E).

7. Summary

The streamfunction tendency analysis in Chapter VI
shows two types of nonlinear processes involved in the
motion of the center. Advection of asymmetric vorticity by
the symmetric flow (AAVS) yields a motion-type pattern
confined to the inner core of the vortex. On the other
hand, advection of symmetric vorticity by the asymmetric
flow (ASVA) produces a much larger scale motion pattern to
move the large-scale component of the vortex.

How the interaction between the symmetric and
asymmetric circulations causes vortex motion has been
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Fig. 5-20. 72-h tracks for_the full model (solid) and

Exp. A2 (short-dashed) and Exp. B2 (long-dashed). In Exp.
A2, the advection, of szmmetrlc vorticity bg the asymmetric
flow (ASVA) is eliminated outward of r = 400 km and in Exp.
B2 the_advection qf,aszmmetrlc vorticity bx the symmetric
flow (AAVS) is eliminated outward of r = 400 km. "~The
initjial vortex comes from the analytical s etric vortex.
Panel (a) 1s for the basic vortex; (b) is Tor the,
weak-large vortex:; (cﬁ for the cyclonic perturbation
vortex; and (d) for the anticyclonic vortex.
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studied using a series of model integrations in which the
advection terms responsible for the nonlinear interaction
are modified. In these dynamical sensitivity tests, the

symmetric and asymmetric components of the model nonlinear
term are modified either by setting them to zero throughout
the domain or only beyond some radius. In this way, it is
possible to determine both the relative importance of an
interaction term and the regions of the vortex in which the
interaction with the linear term is critical.

When the only nonlinear term is the advection of
asymmetric vorticity by the symmetric flow (AAVS), the
vortex moves along the same path as in the full (ASVA +
AAVS) model, but with reduced speed. The percentage of the
total translation accounted for by the inner-core motion
process is on the order of 40 % and is a function of vortex
structure, with a greater contribution as the outer strength
increases. This indicates the magnitude of the inner-core
motion process as suggested in the tendency analysis of
Chapter VI. _

In contrast, when only the advection of symmetric
vorticity by the asymmetric flow (ASVA) is included for the
vortices with the greatest inner strength (i.e., the Bl, S8
and S9 case), the center did not move or moved slowly toward
the east. This occurs even when the model is initialized
with a well-developed asymmetric flow. It had been
anticipated that the ventilation flow would "steer" the
center toward the north. However, this result is obtained
only in the weak-large (B3) vortex when the nonlinear terms
are smaller relative to the linear forcing. The unexpected
behavior of the strong inner strength vortices is due to the
development of small-scale gyres by ASVA. When AAVS is
zero, the inner core does not move initially and the ASVA
motion-type tencdency dipole causes the formation of the
small-scale gyres with a ventilation flow towards the east
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to southeast. As this small-scale ventilation flow grows,
ASVA moves the center toward the east and the small-scale
gyres become disassociated with the linearly induced large-
scale gyres. This result suggests that the advection of the
large-scale vortex by the ventilation flow depends on the
motion of the inner core as well and that the two motion
processes must act in concert to maintain the motion of the
entire system.

Although the nonlinear terms are weak outside the
inner core of the vortex, they have an important role in
orienting the linearly induced, large-scale asymmetric
gyres. When the gyre rotation due to AAVS is enhanced by
setting ASVA = 0 beyond r = 400 km , the vortex has a more
westerly path. In contrast, when AAVS is eliminated beyond
r= 400 km, the gyre rotation is reduced (i.e., became more
linear) and the vortex has a more northward course.
Reducing either nonlinear term in the outer zone allows the
asymmetric flow gyres to amplify, which results in greater
speed of motion.

D. S8UMMARY AND CONCLUSIONS

In this chapter, the dominant dynamical processes of
vortex motion, as suggested by the "static" tendencies in
Chapter IV, have been studied by directly modifying the

T

£

model equations during the integration. Such an approach is

referred to as a "dynamical" sensitivity analysis and is

x

=

analogous to the "physical" sensitivity tests (e.g., Keyser
and Uccellini, 1987).

Three types of experiments have been performed. 1In the
first set, the relative magnitude of nonlinear to linear
effects is modified to determine how the ventilation flow
varies with the speed of motion. The "beta-drift potential"
(the maximum ventilation flow speed due solely to linear

A

REL AT RSSO
-

- “u
P cre

effects) of a tropical cyclone-like vortex is much greater
than the actual beta drift and is a function of the outer
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weak inner strength vortices. When the inner strength is
large (e.g., Bl) the two motion effects must operate
together to move the center.

The time scale required for outside (r > 400 km)
changes, due to the modified advection terms, to affect the
vortex motion is much greater (~ 60 h) than the time
required to generate the ventilation flow (~ 24 h). These
experiments confirm the critical role of nonlinear
interaction between the vortex (symmetric flow) and
asymmetric circulation arising from vortex-environment (8)
interaction.
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strength. While linear processes constrain the maximum
motion, nonlinear effects determine the point at which the

ventilation flow generation matches the apparent ventilation
flow reduction due to motion. From the ventilation flow
speed-motion relationship, it is suggested that the response
to disruptions in the ventilation flow/motion balance would
vary with vortex structure.

In the second set of experiments, the model is
initialized with a linear solution and is then integrated
only with nonlinear term. The nonlinear-only motion is
directly proportional to the magnitude of the initial
ventilation flow. Nonlinear advection does tend to cancel
the large-scale asymmetric gyres. However, a very broad
scale (~ 1000 km) ventilation flow is not eliminated by
nonlinear effects. The long-term, nonlinear-only solutions
demonstrate that once the ventilation flow is established,
the symmetric and asymmetric circulations in the vortex are
bound together to sustain the motion. Another result from
the nonlinear-only integrations is that the turning motion
(e.g., cyclonic bending of the track in the cyclonic
perturbation vortex) is strictly a nonlinear process and is
independent of linear dispersion.

In the third set of dynamical sensitivity tests, the
nature of the nonlinear symmetric and asymmetric circulation
interaction has been examined. In these experiments, the
nonlinear term is decomposed into symmetric and asymmetric
components during the integration and the components are
then directly modified to control the spatial scale of the
interaction. The inner-core motion process related to the
advection of asymmetric vorticity by the symmetric flow can
move the center without the large-scale motion process of
advection of symmetric vorticity by the asymmetric flow.
However, the large-scale process cannot separately move the
center in the typical way toward the northwest except for
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VI. ~LONG o e
The nonlinear-only integrations in Chapter V showed how oy
the symmetric perturbations can induce persistent turning '
motion over very long time scales (288 h). It is -
hypothesized that in the full model integrations for ;
extended periods (e.g., beyond 144 h) any of the four ?ﬂ
initial vortices will eventually assume the north-northwest E;
direction of motion due to the generation of the linearly §Q
induced, large-scale asymmetric gyres. In this chapter, N
"ultra-long" integrations of 288 h (12 days) with the full 'ﬁ
model (both nonlinear and linear terms) are made for the .é%
four vortices used in Chapters IV and V. These runs would !
have been extremely expensive in a high-resolution model %;
without the capability of moving the grid during the E:
integration, as a very large domain would have been required ;::
to contain the very long (3000 km) tracks. E!
A. TRACK RESULTS ;
The 288-h tracks for the Bl-type vortices (basic and the ;ﬁ
two symmetric perturbations), and for the basic (Bl) versus hi
the weak-large (B3) cyclone, are shown in Figs. 6-1 and 6-2 Q;
respectively. The basic vortex moves with a remarkably E::
steady direction of motion, although there are some speed ;::
oscillations. The long-time scale turning motion due to the g;'
symmetric perturbations (Fig. 6-1) lasts for approximately R
144 h (six days), and then the perturbed vortices move :if
parallel to the track of the unperturbed vortex. The E’
cyclonic bending in the track for the weak-large vortex 3;
(Fig. 6-2) persists longer than in the cyclonic perturbation 5_
case due to the stronger cyclonic flow in the critical !
annulus. However, the weak-large vortex track after nine fﬁ
]
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days appears to curve and begin to assume a more northwest
direction as in the basic vortex.

B. TANGENTIAL WIND PROFILES

The tangential wind profiles in the symmetric
perturbation experiments are given in Fig. 6-3. The initial
perturbations (Fig. 6-3a) are concentrated in the r = 300 -
800 km annulus. However, the profiles are very similar by
288 h, which is consistent with the similar direction and
speed of motion in the later portion of the integration
(Fig. 6-1). The time evolution of the weak-large vortex
profile is shown in Fig. 6-4. Notice the large reduction in
the strong cyclonic flow in the critical annulus by 144 h.
By 288 h, the outer portions (beyond r = 500 km ) of the
profile become quite similar to that in the basic vortex
experiment (Fig. 6-5).

C. DISCUSSION AND SUMMARY
The tangential wind profiles in these long integrations

L

appear to approach a common structure, especially for the
Bl, S8 and S9 vortices. The B3 profile has a sharp
reduction in outer strength, which suggests that such a

&

P P
P A

large vortex in nature may require external forcing (e.gqg.,
low-level convergence). For this type of vortex, Rossby
dispersion acts to reduce the scale of the vortex (smaller

L PP

outer strength) outside the inner region where the nonlinear

T

effects are strongest.

‘o’

Y

P

These integrations also suggest that a single
"universal" structure exists that is hypothesized to depend
only on 8. Vortices near this structure all move toward the
northwest with a nearly constant speed of 2-3 m/sec.

Yy ¥

“
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Departures from this "g-neutral" vortex (e.g., symmetric
perturbations) result in track deviations for a period of
time before the wind profile is modified toward the
"universal" structure.
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Kitade (1981) also varied the scale of the tangential
wind profile in a similar model and found large differences
in the direction of motion. However, his integrations were
for only 72-96 h. Longer integrations may have shown that a
steady-state motion vector would have developed as they
approached the universal pg-neutral profile.

In summary, ultra-long integrations of the model have
shown that the speed and direction of motion at the end of
very long forecasts is very similar for all vortices
considered. This common motion vector is consistent with
the adjustment toward a common tangential wind profile at
the end of the integrations, especially in the outer
portions of the vortex. That is, there appears to exist a
natural, "g-neutral" profile that is hypothesized to only be
a function of latitude, at least for the simple dynamics of
this model.

Departures from the neutral profile result in track
deviations. Furthermore, linear processes (B8) are
responsible for forcing the the vortices to the g-neutral
profile as the nonlinear-only integrations showed very
little change in the tangential wind even after long
integrations. Thus, other energy (e.g., baroclinic
processes) and vorticity sources (e.g., divergence) and
environmental interactions are thought to be required to
sustain deviations from the g-neutral structure and to
explain the wide variety of structures found in nature.
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VII. IO (0) QE MOTION BY DIFFERENT SCALES

The initial-condition sensitivity experiments in Chapter
III demonstrate that vortex flow beyond r = 300 km controls
beta drift. Furthermore, reductions in the flow beyond r =

800 km in the weak-large vortex (B3) caused the speed of
motion to be smaller with little change in path. These
experiments imply that the large scales of motion (1000-2000
km) are critical to the motion process. In this Chapter,
the initial~condition sensitivity experiments are extended
by selectively retaining or eliminating (by filtering) the
different scales of motion in the specification of the
initial vortex. Several implications for tropical cyclone
observing systems and track forecast models will be drawn
based on these experiments.

The "scale" of motion is defined here by the wavelength
of the Fourier basis functions (sines and cosines). Fourier
representations of atmospheric variables have been widely
used in meteorology to derive linear solutions to the
equations of motion and to analyze nonlinear interaction
(e.g., Haltiner and Williams, 1980). For this tropical
cyclone application, a Fourier transform procedure for
general fields on 2~D rectangular grids is used to modify
selectively the scales in the initial conditions from the
analytical symmetric wind profile.

A. THE FOURIER TRANSFORM PROCEDURE
The general 2-D Fourier transform method used in these
experiments was originally developed by Errico (1985) to

study the spectra of a limited-area model solutions. 1In a

later study, Errico and Baumhefner (1987) used the same

LAAAT

procedure in a mesoscale model predictability study in which
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" they made two model integrations with and without a
perturbation ("twin" experiment method). They used the
general 2-D Fourier transform to control the scale of the

) perturbation.
5 The Errico (1985) procedure is a two-step process. The
; field is first "detrended" by removing the domain-wide, ]
N - linear trend along each row and column. Consider a 0
‘ rectangular grid with N points in the north-south or y
{: direction and M points in the east-west or x direction. A N,
b 2-D function with equally spaced discrete points, fj, 1, )
P where i =1, 2, ... , M in the x direction and j =1, 2, ..., N

in the y direction is detrended by first removing the

4 domain-wide y linear variation at each i point. The $
? corresponding slope for the domain-wide y linear variation f
- is
Wi ] and the detrended field, fi,j, in y is a
e f{'j = fi,§ = 0.5(2)~N-1)Syj (7.2)

s ] 3 k3 [} . .
1 The slope for the domain-wide x linear variation is
!

Pl
XY v

’ ’
_fi,N - fi,1

X Sy5 7.3
. xJ M- 1 (7.3)
e v
a and the final detrended field, fP,j, is )
[} At
o .
- 4 .
2 £P 5 = £{ 4 - 0.5(2i-M-1)5y5 (7.4)

\
N The trend field, ff j, is

: f'f,j = 0.5(2j-N-1)Syj + 0.5(21-M~1)Syy (7.5)
4 Subtracting the linear variation (ff,j) results in a

v field (fP,j) that is cyclically continuous in both ,
e directions. This detrending step is required to correctly )
\"
3
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trends that form due to the extrapolation-type boundary ;f
conditions on the north and south boundaries. t
In the second step, the detrended field is transformed :j
using a discrete, 2-D Fast Fourier Transform (FFT) from the ]
]
NCAR Scientific Subroutine Package called "FOURT." The k:
mathematical form of the FOURT FFT was determined by e
inputting analytical 2-D waves of a specified amplitude and T
wavelength into the routine and examining the output. The ,.
~
forward (field --> coefficients) transform is ﬁj
-~
N
=l Nzl . . . e
Fm,n = ?Zl jél fP,j exp [-(-1)% (kp(i-1) + 1h(3-1)}1 , o
(7.6) o
where .‘
3
[ 2« )
o1 (m-1) + m =1, Kpax L,
2n : ‘
km = 4 ‘ﬁ—'i (m-Kmax) ’ m = Kmax+1' cee g M-1 (M Odd) "y
"
2x : M
o1 (m-Kpax=-1l) , m = Kpax+l, ... , M (M even) »
L o
(7.7) ;:
and o~
1% »
L
[ 2x (n-1) 1 -!.
—_— n- n= -
N-1 ’ » Tmax <
2x '{:
’P
2% 2.
N_i (n-llmax-l) ’ n = L‘nax"'l, e s o e g N (N even) .--_:
- '
(7.8) ey
and Kpayx = M/2+1 and Lpayx = N/2+1 (integer division). =
The 2-D wavelength of the Fourier modes is defined by o
m,n — ’ . .
! Lm,n :\.
I:'
]
Y,
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where the 2-D wavenumber is

Im,n = (kp?2 + 1p2)% . (7.10)

. The amplitude A2y, of a 2-D mode is found from the
Fourier coefficients, Fyp,p, according to

|F1,nl m=1
. (M-1) (N-1)
+ |Fm, n-N+1]
(M-1) (N-1)

F
Azmn=< Im‘Lnl ’ m"l,n?‘l
! (M-1) (N-1)
{Fm, 1] n=1
(M-1) (N-1)

’ (7.11)
where | | indicates the magnitude of the Fp n complex
number.

The Fourier filtering is accomplished by setting to zero
the amplitude of the wavelengths (modes) to be filtered and
then reconstructing the field with the truncated Fourier
coefficients via the "backward" Fourier transform

1 M=1 N-=1

P,y = ——_ MM,

(M-1) (N-1) i%1 321

Fm,n exp [(-1)% {kp(i-1) + 1n(3-1)})1 . (7.12)

B. EXPERIMENT DESIGN
The scales in the initial vortex are arbitrarily grouped
into three categories according to following definition:

SMALL - Okm < ) g 500 km
MEDIUM - 500 km < A £ 1500 kn
LARGE - A > 1500 km

These categories represent different vortex flow regimes.
The "small" scales represent the inner region of the vortex
(r < 250 km for zone ~ 500 km wide), the "medium" scales

283

¥ V0TS,

Nt NN AN AL AT WA "-‘ T T o i O i s A A A L A N L A N
+ W A A G & NS & X g = e, 3 . A oy 8 .

..... ol

RESL XA
P

4

W L O,

A AAAL

A -

e
-

[P

A oA

ISy

‘Q’.

ARGy N

L

R I 4

-y g g
S,
talel s

7

".‘
P

T

'.{

‘A,

2 A L St

<



Sgaiigat

et I AN A

PN o . PR , v mba i ath el ata” A e et o)
* L WL L LW LW A AU RTTA, TV s, R " TR R WX - > YuWu v

include the critical annulus (r = 300 - 800 km) and the
"large" scales include the vortex flow far from the center
(r > 800 km).

Based on the above definitions, six model experiments
are performed for a given vortex as described in Table 7-1.
The experiments are designed to demonstrate how the small-,
medium~- and large-scale components of the vortex behave on
an individual (i.e., separately) basis (Exps. F4-F6) and how
they contribute to the overall motion (Exps. F1-F3).

TABLE 7-1, ,Description of the model experiments with
filtered initial conditions.

Exp. _Scales .Scales in the Purpose
Renmoved Initial Conditions
Fl Small Medium/Large Role of inner region
F2 Mediunm Small/Large Role of critical annulus
F3 Large Small/Medium Role of large scales
F4 Small/Medium Large How large-scale component
of "the vortex moves
F5 Medium/Large Small Motion of the small scales
Fé6 Small/Large Medium Motion of the medium scales

The filtering is first applied to the total solution (with
all scales) to provide the initial conditions and to serve
as a basis for comparison. For example, even though the
middle scales are filtered out of the initial conditions
(Exp. F2), energy will be transferred through nonlinear
scale interaction from the small and large scales to the
medium scales during the integration. Comparing the
spectrum of the unfiltered model solution to the model run
without medium scales in the initial conditions indicates
how much energy transfer did occur.

Four vortices are tested: (i) the basic vortex (B1l),
(ii) the weak-large vortex (B3): (iii) the cyclonic
perturbation vortex (S8); and (iv) the anticyclonic
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perturbation vortex (S9). These vortices represent a
variety of structures and motion behaviors and have been

L o o L AP d
__!\{A" (o ol 00~

W
used in the previous chapters. 7
- ’* »
C. PERFORMANCE CHARACTERISTICS OF THE FOURIER FILTER :,.'
Before discussing the track solutions, it is important ;‘
"-
to establish the accuracy of the 2-D Fourier transforms and K
the filtering procedure. The amplitudes of the 2-D modes of L
the initial streamfunction for the basic vortex (Bl) are ;}
shown in Fig. 7-1. A log-log plot is used to emphasize the j%_
smaller mode numbers that contain the greatest enerqgy. The ;i
mode number is translated (via 7.10) to a physical ’.
wavelength in Table 7-2 for the standard model configuration ;ti
",
(101x101 points, Ax = 40 km). The normal convention is to :\
S
use 0 for the mode number corresponding to the mean and 1 Q}
for the gravest mode (one cycle over the domain). However, 2%
the FORTRAN computer code that performs that FFT uses 1 for Eﬁ
the first mode number. Thus, to minimize confusion in jJ
relating the analytical equations to the code, the computer E
convention for the mode number is used. N
N
TABLE 7-2. Wavelength of the 1-D waves as a function of o
mode number. The wavelength is the same in x and y as the Y
grid is square. e
»
Mode Number Wavelength g
(km) K\
1 © the mean% . v
2 3920 length of the domain) "\
3 1960 i
4 1307 r
5 980 ?
6 784 £33
7 653 .
8 560 N
13 i3 :
11 392 :;f'
12 356 3
13 327 ?
14 301 K
15 280 3
by
; ;
\:_
51 80 (Nyquist wavelength) N
[ ]
» ]
N,
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The 2-D spectra in Fig. 7-1 shows that most of the 3

amplitude in the initial streamfunction is contained in mode é

numbers less than 10 or wavelengths greater than 400 kmnm. Y

Thus, most of the structure of a typical tropical cyclone -

; vortex is "projected" large scales. Even though a tropical j
) cyclone appears to be a "small" synoptic-scale feature, much ﬁ
; of the structure is contained in much larger scales when (
. viewed using a Fourier series representation. It is this ;
; projection onto the large scales that is critical to the ﬁ
beta drift of the vortex as these scales are the most %

' dispersive waves on a beta plane. w
. This 2-D spectra can be "condensed" into a more compact b
. 1-D spectra by summing the amplitudes of the 2-D modes of f
similar wavelengths. Following Errico (1985), this is ﬁ
accomplished by summing the amplitude of all modes in an ';

modal annulus that depends on the minimum wavenumber. 5
Mathematically, the 2-D wavenumber annuluses (1-D mode #) ﬁ

are defined by %

: )

. +(1/2) -n+kpin < Lm,n < =(1/2)<n<kpin o
; where the largest resolvable wave (smallest wavenumber) is d
%

2x Wy

knin = —— (7.11) A

"

and the 1-D spectrum is calculated as o

) Vot
; +41l-kmin _Q
Al]) = § Fp,n . (7.12) 3

<%lKmin ﬁ

‘ e

The 1-D spectrum of the basic vortex streamfunction in ",
Fig. 7-2 is derived from the 2~D spectrum shown in Fig. 7-1. i!
Although the maximum amplitude is contained in the 5th mode - ‘J
(wavelength = 980 km) with a value of about 4.0x10° m?/s, ;
modes 2-4 also contain similar amplitudes. The amplitude is .%

)
U]
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reduced by more than an order of magnitude for mode 10, with
a rapid decrease at still larger modes.

An example'of the 1-D spectrum of a filtered vortex
(Exp. F1) is illustrated in Fig. 7-3. The filtering of the
initial symmetric vortex (Fig. 7-3a) is very effective with
an extremely sharp cutoff. By contrast, the vortex after 72
h of integration contains additional asymmetric components
‘that were not present in the original vortex. Thus, the
efficacy of the filtering is somewhat degraded (Fig. 7-3b)
because the 2-D distribution of amplitude is not symmetrical
as implied by the annulus summing convention. Nevertheless,
the scale removal procedure reduces the amplitude of the
filtered scales by at least two to three orders of
magnitude.

The 1-D spectra of initial streamfunctions used in model
Exps. F2-F6 for the basic vortex are shown in Fig. 7-4 (see
Fig. 7-3a for Exp. Fl1). The sharp cutoff in the spectrum
after the filtering clearly indicates which portion of the
spectrum is being truncated. _

Table 7-3 is a summary of how the filtering reduces the
total streamfunction amplitude (proportional to energy) in
the initial conditions and what percentage of the total
amplitude is accounted for by each wave group. The total
amplitude is roughly proportional to the outer strength,
which implies that the outer portion of the vortex
determines the overall energy as the inner regions are the
same in for all vortices, except for B3 which is a weaker
vortex. More important is how the distribution of amplitude
among the scales depends on the vortex structure. Much more
amplitude is projected onto the largest scales in the weak-
large vortex compared to the basic vortex (60 & vs 26 %).
Furthermore, the amplitude in the smallest scales .s nearly
constant in the basic vortex and the symmetric perturbation
vortices (Bl, S8 and S9). The vortex specification
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procedure used to perturb the symmetric flow in the

"critical annulus" is thus very effective in confining

changes to the medium and large scales. In particular,
notice how the perturbations had the greatest effect on the
medium scales, as intended.

TABLE 7-3, Total streamfunction amplitude for the four
vortices 1n the six experiments. The number 1n parentheses

R am A AF R o s o

1s the percentage of the unfiltered streamfunction amplitude

accounted for by iltered streamfunction.

strength and the steady state speed of motion is also
provided.
Total Streamfunction Amplitude
(106 m2/s)
Vortex: Bl B3 se S9
Basic Weak Cycloni¢ Anticyclonic
Large Symmetric Symmetric
Pert. Pert.
Exp. #
- 2.82 (100) 4.62 (100) 3.23 (100) 2.47 (100)
Fl 2.24 (79) 3.86 (84) 2.52 (78) 1.92 (78)
F2 1.32 (49) 3.10 (67) 1.64 (51) 0.91 (37)
’ F3 2.10 (75) 1.40 (30) 2.10 (65) 2.09 (85)
F4 0.73 (26) 2.78 (60) 1.03 (31) 0.37 (15)
F5 0.58 (21) 0.32 (7) 0.80 (24) 0.55 (22)
F6 1.51 (53) 1.52 (33) 1.49 (45) 1.57 (63)
Outer Strength
(m/s)
- 3.70 8.00 4.50 3.30
Speed of Motion
(m/s)
- 2.65 4.40 3.10 1.80

the basic vortex is shown in Fig. 7-5 to illustrate how the
Notice that the

The initial streamfunction in the model experiments for

the £

filtering modified the initial conditions.

case in which the small scales have been removed (Fig. 7-5b
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e t',"“f\’. PSR Y R e A M s A -..l n

297

The ou

er

VATCCE, ¢

:l"-'_g-““" A.'-

it



I O T T O Y T O TR Y LR sy e R OV U OSIR U LN LWLAY L% e i e L Ry L

N
h Y
o
\
’
)
R
d .’
4 _|'
a L}
]
; X
RN R AR R R R A R A R R A R E AR, '
. s : .
p : \
- ] ¢
: E 5
» . )
— —— : ‘::‘
- 7~ ,—HN_\\\\ . o
! - / _\\ - “‘
p - // — \ \ - ﬁ.‘
s [ EEER[N : &
- ////—'\\\\\\ ] 2
: [T 7NN ] L
: BRS ] :
- \ \ 24} / < i\
- NN . b
: : \\NSZ=27) / ] !
' g \NI= ] i
l - \\__,// ]
; C . va
C . :ﬁ
E '
C N
wEREEENE AN NN RN RN NSNS EEEENNENEE] 111 11) -,
S
(a) Unfiltered ;
contour interval = 90 $X1o‘; m?/s 'y
minimum contour = -900 (x10*) m2?/s }
Ll
Fig. 7-5. Initial streamfunction (m?/s) for the unfiltered ")
and filtered experiments for the basic vortex. The grid 1is o
indicated by the tick marks and the_domain is a 2000x2000 g
km. This domain will be used in all subsequent figures q
unless otherwise noted. The hurricane symbol denotes the A
center of the vortex. -
)




B i

':.K‘n‘ I’.‘!‘v Woahiet, Y

Fig. 7-5.

"~ . -
A% 2% AT na

b

yurrvgrnT

TTrevrrrInrTad

(b) Exp. F1 -- remove small scales

contour interval = 70

minimum contour

(Continued)

299

= =700

i

x10
x10*

3

n IIITIII/IIIIIIIIITII_IIITIIlllllllllll TTTITTTTT
e

m?/s
m?/s

Thit it ta ey o gaga e oo s e e ar o R e p R pAELIRMIRYIIERLEL]

A

&G

ry
ek




l”'é‘ OOV ATV (X TN RN ey Sa¥ AP gy dva kY r FENTH (X7 > v oWy e ule o -y ) ey v . 3 PRI — =
< 45

L35

L

[}

[ANEEREEREEE

T
v
el
———
—
~

—
(NS NENEEER RN NN}

-
-
n
»
-

- 21!

l
l
\

3.8 (c) Exp. F2 -- remove medium scales
contour interval = 40 ixlo ; m?/s
X minimum contour = -400 (x10‘) m?/s

%‘ Fig. 7-5. (Continued)

0 300

oY |
" |
Ry ‘
D R A S AR o R N AR A S R A e T TR b R




e

d W
i‘A

00

RS R A AR AR A R R AR .t

LA ol ek g

1 i b aspaeennteepegel

.______——”’///b

K
pLtiteler iyl grereiieeeiaiteearteqitiirtiyy ."‘

llllllllllllllllllrrflllllrlllllllhlllllll[lll

Liagteetetyeonttitpionl
.

(d) Exp. F3 -- remove small scales 2
contour interval = 80 $XIO ; m?/s

minimum contour = =720 (x10*) m?/s )

Fig. 7-5. (Continued) ;
)

301 N

L 0 X Sy W, W L] (o2 B AT A A AT AT AT AT AT AT AT AT A a e 1S A UL RY, . q)‘n"_l-"-\. A at
. -“Q‘.'\‘A"‘-'i'-"lt‘i.u’l‘."l .o’l.l".l'. AN 4“;‘0‘-’. .‘h L 20) TP "5 A ‘-.. ‘P* ¥ . A .l“-.'.‘. X0 0“-'“-'. '. --- X)



Fig. 7-5.

AR RA AR RAREALARAREA

[ EN NI RSN EEEEN

YTICIrrITrTePTrniTeginee?

LAl L L1t}

(e) Exp. F4 -- large scales onlx
contour interval = 20 (x10%
minimum contour = -200 (x10*

; m?/s

m?/s

(Continued)

302

v
-

oo

P

ot

-

2

qo-;




AN R RN SR ARRRANRE SRR R RN RN "
T —— c— —— g

\J

(r ) 'y

v
l:|Illlrrllkl\l.l'lllllllllllllll
-
’_‘-_-—*
o

D

——— N
€ 7

SRRERERRERRRRERRIA

lLlLLLllllLlLlllllll\hllllll

(£f) Exp. F5 -- small scales onlx
contour interval = 70 (x1 ‘; m?/s N
minimum contour = =700 (x10*) m?/s ™

Fig. 7-5. (Continued) =

303

i

7

A0 Y B B T i h 1 g S e R A A e ,"\'- \"'\"'\"\-“ . 7~ ) '\-f.'\_-f - '\~'.. '.;.;.\ N



Fig. 7-5.

VITTTITEIn i e

Litipti i it i1a il

Exp. F6 -- medium scales onl
(9) cggtour interval = 60 xloy

m3/s
minimum contour = -480 (x10*) m?*/s

(Continued)

nnlnluununmnnunl

CLLteieienpesl




A TN " i R AN WU PRI T YU WAV U U M U U MR UV TV PUYU YL YUNU YU $ UMWU NUWU U W MU X adaod

« versus 7-5a) is very similar except in the inner regions '
R where the gradients and the minimum streamfunction have been
reduced. Similarly, examining the wave groups on an

3 individual basis (Fig. 7-5 e-g) shows how the filtering

o changes the structure of the vortex. Adjusting the small

. (Fig. 7-5b) and/or medium (Fig. 7-5c) scales causes a
distortion in the circularly symmetric streamfunction. This
.g reflects the difficulty of representing a radial function on !
\ a Cartesian grid with Fourier basis functions (refer also to 3
Fig. 7-5f). A more natural set of basis functions for the

radial component of fields on a cylindrical grid would be

" Bessel functions. Nevertheless, the distortion is not )

Py .

4

ﬁ severe and the filtering does modify the vortex structure as ‘

a desired. &

' The tangential wind profiles of the filtered and

o unfiltered vortices (Fig. 7-6) show how the total vortex can

5 ' be considered as a combination of vortices of various "

" scales. The profiles appear similar to Bessel functions of
the first kind, which are the symmetric component of the

N solution to the linear wave equation in cylindrical

coordinates (Haberman, 1983). The solution to the wave

e equation in Cartesian coordinates involves sines and cosines
(Fourier basis functions). Thus, the Fourier filtering

» appears to be equivalent to modifying the natural basis

", function for the symmetric component of a field (Bessel

N functions).

e o

-
-
- ——— -

Because the inner structure is determined by the small

§ and medium scales, the streamfunctions containing only small !
f and medium scales have a similar maximum wind speed, but X
54 with a different RMW. Beyond r = 400 km, the medium and ;
2 large scales make the greatest contribution to the outer

ﬁ structure. In the modified streamfunctions from the :
% ‘ symmetric perturbation experiments, there are considerable :

differences in how the medium and large scales determine the
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flow in the critical annulus (see Fig. 7-6c versus Fig. 7-
'sd). It is also noteworthy that the sum of the filtered
profiles appears to reproduce the main features of the
unfiltered profile, which verifies that the filtering is
able to cleanly partition the scales.

Comparison of the 1-D spectrum at ¢t = 72 h in Fig. 7-7
with the spectrum of the initial conditions (after removal
of selected waves) shows some (about 5% of the original)
energy has been transferred to the filtered scales. That
is, nonlinear advection processes have not restored the
deleted scales by a significant transfer of streamfunction
amplitude between the scales after 72 h. Thus, modification
of scales in the initial vortex will have long-term effects
on the structure and the beta drift. This result may not be
applicable to more complicated models with energy sources
(e.g., diabatic physics) and dynamics that can generate
smaller scales (e.g., baroclinic instability). To the
extent that the tropical atmosphere is barotropic and
nondivergent, it is likely that the tropical cyclone vortex
structure modifications will tend to be persistent and that
motion due to the beta effect will tend to be constant
unless the environment or external forcing changes

significantly.

D. TRACK RESULTS

The 72-h forecast tracks for the unfiltered vortex and
the initial conditions in which the large scales are
retained or are removed are shown in Fig. 7-8. For all four
vortices (two not shown), eliminating the large scales
reduces the speed of motion, although the path is unchanged.
The initial tangential wind profiles for these experiments
are given in Fig. 7-9 to understand the motion. Removing
the large scales results in an anticyclone beyond r = 400 km
for both the Bl and S8 vortices, which reduces the relative
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angular momentum (RAM) and increases the anticyclonic
rotation of the large-scale asymmetric gyres (not shown).
DeMaria and Biak (1987) demonstrated that as the amplitude

. of the outer anticyclone is increased (smaller RAM), the

’ speed of motion is reduced and the vortex tends to have
smaller (or even equatorward) displacements. This suggests
that as RAM is decreased, there may be a point at which the
motion relativeAto the basic current (here equal to zero)
goes to zero. Removing the large scales results in a
stronger outer anticyclone in Bl compared to S9 (not shown)
and it is consistent with the DeMaria and Biak (1987) study
that the speed of motion is also smaller in the Bl case with
the large scales removed.

The track forecast in which the large scales are
retained is consistently toward the west with only a slight
northward component (Fig. 7-8). To distinguish the role of
nonlinear advection from linear dispersion in the motion of
] this large vortex (see Fig. 7-5e and Fig. 7-9a), the track
* . for linear-only solution is compared to full nonlinear

solution in Fig. 7-10 for the basic vortex. The only

» .
o

o~

difference between the forecast tracks is the greater
northward motion in the nonlinear run. This is another
clear demonstration of how nonlinear advection is

' responsible for the poleward component of beta drift. The
o westward translation in the linear solution implies that a
vortex of this scale behaves as a Rossby wave, as assumed by
Holland (1983) in a pseudo-linear treatment of vortex motion

J S 1

on a beta plane. However, similar comparisons of linear and
nonlinear solutions using the medium- and small-scale
vortices (Exps. F5 and F6, not shown) showed a very small (<
0.1 m/s) westward translation for the linear case in
agreement with the results of Chan and Williams (1987).

RENCAENE
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k™, Although these results are not unexpected, they do
" explicitly demonstrate the dynamical ideas that have been
N
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the basis for simpler analytical-type models (e.g., Chan,
1982 and Holland, 1983). For example, in the analytical
treatment of the vortex motion on a beta plane by Holland
(1983), it was assumed that the westward component of beta
drift is due to linear effects and that the northward
component is due to nonlinear advection. However, this
assumption is only applicable to the large-scale component
of the vortex and is not valid for the smaller scales, and
is not directly responsible for the motion of the center.

The motion of the large-scale component of the vortex
can be seen in the symmetric component of filtered solutions
from the model initialized with the unfiltered vortex (Fig.
7-11). The center of the total vortex is in the middle of
the grid. Likewise, the center of the small- (Fig. 7-11b)
and medium-scale (Fig. 7-11c) components are in the same
position. However, the center of the large-scale component
is approximately 500 km to the west of the other centers.
This displacement of the centers fits the conceptual model
of beta drift discussed by Elsberry (1987), in which the
large-scale vortex moves to the west faster than the smaller
scales. Because the "center" is then in the southerly flow
to the east of the large-scale vortex, the large-scale
vortex would advect the smaller scales (the "center")
northward. While this model is conceptually reasonable, it
does not explain the westward motion or the role of the
smaller scales. ‘

The forecast tracks (Fig. 7-12) in which the small-scale
(Exp. F1) and medium-scale (Exp. F2) components are removed
demonstrate that these scales are important to the motion of
the center. When the Bl-type vortices (Figs. 7-12a, ¢ and
d) are modified by removing the small scales, a greater
translation along a more northerly course results. Removing
the medium scales gives less total displacement, but a large
northward drift. The S9 case (Fig. 7-12d) shows less of an
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Fig. 7-11. (Continued)
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Fig. 7-11. (Continued)

318

b A2 AR A % A oy T a0 R 7 NN e N NN e N NN e S e e

(YR A U LA LA AL M Aoy g 4.t Vel b L v g Hagd. 0w 0% 008 @' U M v ¢ v, UV RY YUY - LR AW YOl AR IA NN WS Y 4

Lol

S "',
= x

"

1~

s e



s

Lg
o

Sy

5SS

JIrinres LA yi ]

s
>

;s

2
2

m
m

4

FITTIT TN VI T I!E

{xlo
xX10
AR D

s
=
®oo
=17
0 ~
g g
o
3 )
e =
i = S
0o N :
] weog >
] 1 20 :
n 0-~0 L
B mr ’
aum ) a5
A ~0H Q
[ oA = 4
9IEs = -
- £ 0H - z
L ] HOH m .
: . —_ 0 -4
;m o (& ad
e S e
&
) - . . ] A ...
F

Fig. 7-11.

P WU W R W W R W R T T W T WO R O PO O UK SR PO PO TUR T O TN U R TR PR U 7O TR IO IO TN T TR O U~ US TUS PR PO TUV TUN AN T
L
TTreed

D O I s

]

L)
00



% "l bt B W

N R * (R R ERRIRIA R AN AN U A AN U Y U \J 4 \J L A A LY L) » ., ., tp 8%, AVg BV * . ‘e §'pg 8'p 8tg Ag d 4 » LR KR » . gt - n

900 ! | ! 1 ' 1 T 1 T
700 ~ -
500 - -
£ 0 -
> - 4
100 - -

=100 L 1 ) 1 4 1 1 { 1
-1100 -800 -500 -200 100 400

Fig. 7-12._  Foregast tracks to 72 h_for the unfiltered
vortex (solid, with hurricane symbols every 12 the no
small scales (Exp. Fi; short-dashed with asterisks every 12
and for the no medium scales F2; long-dashed, Wwith

diamonds everY 12 h). Panel (a% or the ba51c vortex,

b) the weak a ge vortex, c) the cyclonic perturbation
vortex; int ¢yc onic perturbation vortex. The
72-h p051t10ns are highlighted.

320

................. o T T e T e Tt T n m s TR T " S T e - - pmat
e -!‘?,J".fu"—'~fJ-?'- .r(...'.r.-..-.r.-.-.rf\'.-\- e D W\ \ O '-'v%'.,.

Y M X

P A I

-

o4

e rrd X

“‘i



rwmmmwwmmmmmmm““sm

gm i l 13 l T I T ' T

- :
w - b
500 = -
E %0 [ ~
>= 5 -
100 = -

-100 1 1 | i 1 L J | 1
-1100 -800 =500 -200 100 400

X (KM)

900 i l ¥ l 1] l t l 4
700 - C -
i * 4
s |- -
£ a0 [ 4
>= L .
100 - -

-100 L _1 ) 1 1 _1 1 ] 3
-1100 -800 =500 -200 100 400

X (KM)
Fig. 7-12. (Continued) .f.:
b
R,
321
v“.'ll.?\ Y ' ‘ OGO 3 A LN i L U0 L ‘ OO Y AAGN ANON %, i T X -ﬁﬁimmﬁ )



. o e 00" e 01 100" e ket g " 9ae 0x bt iptibat ust it A0S 00t 00T Na A v Ba® Gt Ws? fut ig Sa Setoty iy b
AU U pu - 2

900 i 1 L 1 T 1 T [ —

700 | -

S00 ~ -

= 0 -
> 5 .
100 | -

-100 ' S — S—

-1100 -800 -500 =200 100 400

Fig. 7-12. (Continued)

322

) v VAT W Ty 15 % Ty W AR
‘.n“.'.‘.'.f.h‘_.h‘.'.'_."fh!.‘\’_.' A AN, DR A A T A O 'fa.'k&



effect, as the unfiltered vortex track is primarily to the %&
north. In contrast, the weak-large vortex (Fig. 7-12 Db) ﬁ

Lyt
exhibits little sensitivity to the small and medium scales ]k

as the tracks are very similar in all cases.

There are two basic reasons why the small and medium 4l
scales have such a strong influence on the motion. As 45
discussed in Chapters IV and V, the center is translated in .ﬁ’
this model through the advection of asymmetric vorticity by &
the symmetric flow in the inner core. The small scales make hé
their greatest contribution to the total vortex in the inner %
portion of the storm. Thus, removing this component would 14
change the inner-core asymmetries, and would affect the RE
motion process by leaving the advection of symmetric '$j
vorticity by the asymmetric flow as the more dominant motion :§
process. ' o

The greater northward motion when the medium scales are (
removed suggests that these scales affect the large-scale ;ﬁ
asymmetric gyres. The cyclonic perturbation (S8) case is W,
used to illustrate this influence as the deviation from the 5:
unfiltered (all scales) vortex track is greatest for this ~
case (Fig. 7-12c). The asymmetric streamfunction at t = 36 )
h from the total vortex has a ventilation flow toward the hl
northwest. If the medium scales are removed (Fig. 7-13b) ii
from this total vortex solution (all scales initially), the A
ventilation flow is shifted toward the north (Fig. 7-13a). d
A similar rotation is found in the asymmetric streamfunction #
from an integration started with the filtered initial
conditions in which the scales have been removed (Fig. 7- ;H
13c). 3 <

The interpretation of these cases is that the large- )
scale asymmetric gyres consist of two components. One is on Y
a larger scale (e.g., r ~ 700 km) and has a more north-south :E}
alignment of the ventilation flow (Fig. 7-13b). The other ey
is a "rotated" smaller scale (e.g., r ~ 300 km) component :g
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Fig. 7-13. The 36-h asymmetric streamfunction for the S8
vortex.
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Fig. 7-13. (Continued)
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Fig. 7-13. (Continued)

"n

s

é

R, P oy Ay 1 O T T i N T S P N W R O I I e T
A A A N Oy S N I I A IR LI A NN PGP PG Pr, AL P P P PR TR T PN, N A T Y A N A AN AN




e, .

TR R AN ‘B0 9.0 (20 VB Gl Tub Sud 8ol Ond ol S2b 0.8 4,8 4 . Mel 8,9 0,8 9,0 8,9 8 R LR OC U

that is deflected from the north-south orientation. This
rotated component is more clearly illustrated by only
removing the large scales (Fig. 7-13d) and it is suggested
that the rotation process is occurring on scales smaller
than the large scales. It is also interesting that the
asymmetric streamfunction from the filtering of the total
solution (Fig. 7-13b) is quite similar to that obtained from
the solution with filtered initial condition (Fig. 7-13c).
This suggests that medium scales were not significantly
modified by the large and small scales which is demonstrated
by the 1-D spectra in Fig. 7-7.

E. IMPLICATIONS FOR VORTEX SPECIFICATION IN TRACK FORECAST

MODELS AND TROPICAL CYCLONE ANALYSIS

The current set of operational tropical cyclone track
prediction models (see Fiorino, 1985b) can be divided into
two categories: (i) coarse resolution (e.g., the One-way
influence Tropical Cyclone Model (OTCM) of Fleet Numerical
Oceanography Center (FNOC) with a ax = 205 km); (ii) and
fine resolution (e.g., the Movable Fine-mesh Model (MFM) of
the National Meteorological Center (NMC) with a Ax ~ 60 km).
The coarse resolution models have a grid spacing of between
100-200 km, whereas the finer resolution models have a
spacing of 41-80 km.

An additional set of model runs is made in which the Bl-
type vortices are Fourier filtered to eliminate scales not
well-resolved by these two classes of fine and coarse
resolution models (< 150 km and < 300 km respectively).
Removing scales less than 150 km has very little effect on
the tangential wind profile, whereas filtering scales less
than 300 km reduces the maximum wind speed and shifts the
RMW outward (Fig. 7-14). Even though the RMW in this study
is larger than that of a typical tropical cyclone, the
minimal effect of filtering scales with A < 150 km implies
that a smaller RMW would also have a small effect on the
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flow in the critical annulus. The profile for the F1
filtered vortex (remove scales less than 500 km) is also
shown as a further demonstration of the outward shifting of
the RMW as the larger scales are removed. Changes in the
outer flow for the 150- and 300-km truncations are very
small. However, for the 500-km filtering there are
noticeable changes in the outer region flow.

The tracks for the two small-scale (150 and 300 km)
filtered initial conditions are given in Fig. 7-15.
Eliminating scales less than 150 km has virtually no
influence on the track, which is not surprising given the
minimal effect of filtering on the tangential wind profile.
Removal of scales less than 300 km in the initial profile
causes the vortex to move to the left and have a slower
speed than the track of the unfiltered vortex. However, the
track for the 500-km filtering case (Fig. 7-12) shows a
deviation to the right and greater speed of motion which
indicates that the outer flow has been modified. The slower
and to the left result for the 300-km filtering cases is due
to the changes in the inner regions that affect the inner-
core motion process (advection of asymmetric vorticity by
the symmetric flow). Similar magnitudes and direction
deviations relative to the unfiltered vortex are found for
the symmetric perturbation vortices (Figs. 7-15b and c).

These experiments with removal of the smallest scales
suggest that the beta drift effect does not necessarily
require high-resolution models to resolve scales in the 100-
300 km range. However, modifying the initial large and
medium scales does significantly affect the vortex motion.
Generally speaking, the large scales control the speed of
motion and the small and medium scales have the greatest
influence on track direction. The importance of the small
and medium scales depends on vortex structure with the
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greatest effects for the Bl-type vortices that have more
intense inner core regions.

The steady-state speed of motion is compared (Fig. 7-16)
with the percentage of the streamfunction amplitude that is
projected onto the large scales. The nearly 1:1
correspondence indicates that the magnjtude of beta drift is
directly proportional to the amplitude of the large-scale
component of the vortex. This has implications for vortex
specification in the operational forecast models.

First, insertion or "bogusing" of a tropical cyclone
vortex into a synoptic-scale analysis modifies the large-
scale components in the vicinity of the vortex. For
example, adequate environmental observations and a good
synoptic-scale analysis may actually resolve the large-scale
component of the tropical cyclone vortex, especially if this
large-scale component vortex is displaced from the cyclone
center as illustrated in Fig. 7-11. Thus, the degree of
agreement between the large scales in the specified vortex
and the actual large scales in the environmental flow
analysis could significantly affect the track. If the large
scale in the bogus vortex erroneously modifies a good
synoptic analysis, the cyclone track would tend to have
errors. In summary, it would be desirable to design an
insertion procedure that blends the large scales in the
bogus vortex smoothly with the large scales in the
environmental flow analysis.

The medium scales in the vortex have an important role
in the rotation of the asymmetric gyres and the orientation
of the ventilation flow. Furthermore, these scales are not
rapidly generated through the dynamical process of nonlinear
scale interaction (Fig. 7-7). Although more realistic
models have mechanisms to modify and create medium-scale
features, it is nevertheless important to specify these
scales initially so as to promote a correct orientation in
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the track forecast and to avoid persistent and long-term
track fluctuations.

These results also suggest that most important scales in
the vortex that must be resolved by an observation system
are on a fairly large scale (e.g., beyond r = 300 km).
While this may be advantageous in terms of the number of
data points that are required for an accurate specification,
the current fixation (pun intended) with the inner-core
region in field programs and operations may have diverted
attention to the observation of these important scales.

It must be stressed that these results can not be
transferred completely to more realistic and complete
models. There has been very limited experimentation with
baroclinic models (e.g., Hovermale, 1980; Jones, 1977; and
Mathur, 1987) for tropical cyclone motion studies.
Nevertheless, a common finding is that barotropic dynamics
appears to be a dominant factor in the motion of the vortex
in the sense that the cyclone tends to move in a
steering/beta drift-like manner. Rather than defining the
precise problems to be expected in the operational
baroclinic models, the purpose of these experiments is to
provide procedures for analysis of the motion process and to
suggest potential problem areas that require further work.

F. B8SUMMARY

The symmetric vortex structures used in this research
are based on typical values for the tropical cyclone. A 2-D
Fourier analysis procedure has been applied to understand
how the vortex structure, as it is projected onto various
scales of motion, determines the subsequent motion. The
scales of motion have been arbitrarily divided into three
groups based on the wavelength of the Fourier basis
functions ("small,"™ A < 500 km; "medium," 500 < A < 1500 km;
and "large," A > 1500 km).
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How these scales in the initial conditions contribute to
the beta-drift effect has been demonstrated by Fourier
filtering to selectively retain or delete different scales.
Transfer of energy between wave groups due to nonlinear
scale interaction occurs sufficiently slowly in this model
that the scale group that is removed in the initial
conditions is not restored by 72 h.

The largest scales, which account for a significant
fraction of the vortex structure, primarily determine the
speed of motion. Furthermore, the speed of motion is
proportional to the percentage uf the total vortex that
projects onto the largest scz.es. The medium and small
scales that contained less energy (a function of the vortex
structure parameters) have a significant effect on the
direction of motion as they influence the rotation of the
large-scale asymmetric gyres.

Application of these results to more complicated
forecast models is limited and these experiments are
intended mainly for illustration of potential problem areas,
and the development of diagnostic procedures. Given these
caveats, the most important implications of these tests for
dynamical tropical cyclone forecast models is that the
initial vortex specification projects energy onto large
scales and that these scales significantly affect track

prediction. The agreement between the large scales in the

bogus vortex and in the environmental analysis needs to be
carefully considered.

. ) —
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VIII. SUMMARY AND CONCLUSIONS

The primary purpose of this study is to understand how
tropical cyclone motion depends on the structure of the
horizontal circulation. This dependence has been examined
in the context of the asymmetric and symmetric circulations
and the scales of motion in the vortex. Through a series of
initial condition and dynamical sensitivity tests, a more
thorough description of the nonlinear dynamics of beta drift
has been obtained.

A. RESEARCH APPROACH

The dynamical framework of this research is the
nondivergent barotropic equation on a beta plane with no
basic flow. The model is solved numerically using a highly
stable, energy and enstrophy conserving scheme (e.g., Tupaz
et al., 1978). A unique aspect of the numerical model is a
moving grid procedure that permits very long integrations
without requiring extremely large domains. Although the
dynamical framework is simple, it does have applicability to
tropical cyclone motion as the system contains the processes
generally accepted as being first-order effects (e.g., Chan,
1982; Willoughby, 1987): 1) linear Rossby dispersion; and 2)
nonlinear advection. The structure dependence is evaluated
using an initial-condition sensitivity approach, an analysis
of the model tendency equation in terms of the symmetric and
asymmetric circulations, and dynamical sensitivity
experiments in which the model equation is modified during
the integration. 1In this methodology, the initial vortex is
varied in accordance with the observed features of real
tropical cyclones. A vortex specification procedure is
developed to more systematically control the symmetric
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cyclone. For example, the flow inward of r < 300 km can be
fixed while varying the vortex beyond r = 300 km.

B. NUMERICAL EFFECTS

The numerical model has been run on the CYBER 205
supercomputer of Fleet Numerical Oceanography Center. This
resource allows many experiments to be performed for very
large grids (e.g., 201x201 points). In this way, the
numerical precision of the model solutions has been more
completely established compared to previous studies (e.g.,
Chan and Williams, 1987). The small space-scale (10-50 km)
and short time-scale oscillations in the model track, which
appear to be similar to observed oscillations, are shown to
be strictly numerical and are related to the number of grid
points covering the inner core. Therefore, such
oscillations in the model track solution are smoothed to
prevent misinterpretations.

Using a radius of maximum wind of 100 km, acceptable
results (track noise that did not distort the general path)
have been obtained with a grid spacing of 80 km. Thus, high
resolution (e.g., Ax = 20 km) is not required to simulate to
the larger-scale aspects of the barotropic cyclone vortex.

Domain size has a larger effect on the model tracks than
resolution, which is due to the way the lateral boundary
conditions influence the development of very large-scale
(domain-wide) features. The model configuration is set at
Ax = 40 km and 101x101 points to provide a 4000x4000 km
domain. Smaller domains cause reductions in the speed of
motion in agreement with the experiments of DeMaria (1987).

C. DEPENDENCE ON THE INITIAL SYMMETRIC VORTEX

Four types of initial vortex sensitivity tests have been
made to determine the role of the structure of a symmetric
vortex in the beta drift: (i) radius of maximum wind (RMW);
(ii) flow in the "inner" and "outer" zcnes; (iii) symmetric
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perturbations; and (iv) the "far outer" flow. These e,
experiments not only establish the basic structure %
N
sensitivity, but also provides the basis for the dynamical g

. sensitivity tests and for the circulation tendency analysis.
1. Radius of Maximum Wind
The flow in the inner core of the vortex (r < 100
km) has no bearing in beta drift in agreement with other
studies (e.g., DeMaria, 1985). It is also shown that

- “
ol e

 «

increasing the RMW to r = 100 km from a more observationally ;

typical value of r = 50 km (while holding the vortex
constant beyond r = 200 km) has no effect on the motion.
Thus, the structural influences critical to tropical cyclone

motion in this model lie beyond the inner core.

2. Inner/Outer Changes

‘W;f”"l",
-

The radius of 15 m/sec (r3s) is set to r = 300 km a‘

and the flow inward and outward of r;s5 is varied. This !i

value of rjs is used to separate the "inner" flow from the E.

"outer" flow. It is found that the outer flow has the e

) greatest influence on the motion. Specifically, the speed ;f
of motion is proportional to the magnitude of the net flow E,

in the r = 300 - 800 km annulus ("outer" strength), whereas
changes in the inner region ("inner" strength) have very b
little influence on the motion. This result points to the A
importance of the larger-scale component of the vortex
structure in tropical cyclone motion. Furthermore,
additional tests confirm that the scale dependence is not

o
related to the other vortex quantities. That is, the beta :
drift is controlled by processes dependent on the physical d
scales in the vortex or to linear Rossby dispersion that is §
embodied in the gv term in the model vorticity equation. o

. ) e

3. Symmetric Perturbations )
The sense of the symmetric flow in the "critical ;T
annulus" of r = 300 - 800 km is related to the long-term i&
turning motions. An anticyclonic (cyclonic) perturbation to E

R

v

-

333 N

A

&

L

WIS IS R LU ST R S N R A AN ot e R L NP L s N YoV Ty '.-u AR TRTET KT A" o LN e L L -..—;_-..; -.q‘.\--'-\ ~ -‘-\..
L, gl » !JMBA?AﬁJ}A:'J:'L ”t:‘l:‘mm:ﬂ;. N N "‘QL{L’A—fA_mﬁ. D tads e A s



¢ v fia gt e gt g AR L o R R gt TR AT

the tangential wind in the critical annulus causes a slow
and steady clockwise (counterclockwise) turning away from
the track of an unperturbed vortex. This finding suggests:
(i) an interaction Letween the symmetric flow and the source
of the motion forcing; and (ii) a relationship between the
motion and the net relative angular momentum.
4. Far Outer Flow

Decreases in the symmetric flow beyond r = 800 km,
for the case of a vortex with significant flow far from the
center, lead to a reduction in the speed of motion.
However, the effect is on the order of 10% Thus, the flow
in the r = 300 - 800 km annulus is the key to the structure
dependence.

D. EVOLUTION OF THE SYMMETRIC AND ASYMMETRIC FLOW

The first use of the symmetric/asymmetric decomposition
procedure is to examine how the symmetric (or tangential)
wind profile changes during the integration and how the
asymmetric flow develops. There are two notable changes in
the initially symmetric wind field during the integration:
(i) a slight reduction in the maximum wind; and (ii) the
formation of an anticyclone beyond r ~ 400 km that lowers
the integrated RAM. Trese changes are shown to be an
indirect consequence of how the asymmetric circulation
forms.

1. The Asymmetric Flow

The asymmetric circulation after the motion has

reached a quasi-steady state is distinguished by: (i) a
cyclonic-anticyclonic (wavenumber 1) pair of large-scale (r
~ 500-700 km) gyres; (ii) a nearly uniform "ventilation"
flow through the zone of significant symmetric flow (r < 300
km); and (iii) zero flow at the vortex center. The
correspondence between the motion of the center and the
ventilation flow vector in both direction and magnitude is
approximately 95%. Thus, the dominant barotropic dynamics
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& of tropical cyclone motion is contained in the asymmetric
:3 flow. Therefore, the role of vortex structure in the motion
’ . process depends on how the structure influences the
0 formation and evolution of the asymmetric flow.
rf The asymmetric flow tends to zero at the center :
;: . because the linear forcing that generates the asymmetric
flow (Bv) approaches zero and because the high inertial
¥ stiffness resists distortion of the symmetric inner core. ;
'i This zero in the asymmetric circulation appears as a set of
'éf small cyclonic-anticyclonic gyres when the storm motion is '
) subtracted. The horizontal scale and magnitudes of these '
. "inner-core gyres" are comparable to that found by Marks and
; Houze (1987) using a similar analysis method in a real
o tropical cyclone. ‘
n 2. cCirculation Tendency Analysis
}? The role of the asymmetric flow features in the
[5 motion process has been examined using a circulation (vice
:? vorticity) tendency analysis. In this approach, the model £
ﬁ’ equation is expressed in terms of the symmetric and
ﬁ asymmetric components of the streamfunction.
2 The formation of the asymmetric flow is due to the X
.2 asymmetric component of the linear term (Bv). In other .
‘ﬂ words, the symmetric flow forces the asymmetric flow through
bt Rossby dispersion, which stresses the strong link between
‘E the symmetric and asymmetric circulation systems.
o~ An evaluation of the nonlinear advective tendency
. terms shows that the motion process occurs on two space
:: scales. In the inner core, the advection of asymmetric '
:2 vorticity (the inner-core gyres) by the symmetric flow is
;57 responsible for the movement of the inertially stiff core.
: On a larger scale (r > 300 km), the vortex is moved through
E the advection of symmetric vorticity (the "vortex") by the
o asymmetric flow ("ventilation").
e
W,
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A new and important finding is that nonlinear

advection opposes the growth of the asymmetric flow relative
to the moving center such that during steady-~state motion,
the cancellation is nearly perfect. This cancellation

-

L i M R N

maintains the asymmetric circulation in a nearly steady

E state. Furthermore, the tendency analysis reveals that the

! advection of asymmetric vorticity by the symmetric flow is A

) L

| the principal source of the nonlinear asymmetric flow

Y opposition and the turning motion in the symmetric ;
perturbation vortices. ;f
E. DYNAMICAL SENSITIVITY N

Three types of model integrations have been performed to X

confirm the motion processes suggested by the evolution of ny,
the symmetric/asymmetric flow and by the circulation ﬁ:

tendency analysis. In the first set, the ratio of nonlinear
to linear effects (|J(¢,v2¢)/ﬁv|) is varied to control the
balance between the linearly-induced asymmetric flow forcing

EXET

'z
At

and the nonlinear compensation. The second type of model

o 7

experiments concerns the manner in which nonlinear advection
modifies the asymmetric flow. In these experiments, the

o) g

linear term is set to zero (effectively, B8 = 0) and the

A

model is initialized with an asymmetric vortex from a linear

s
»

solution. In the third set of dynamical sensitivity tests,
the nonlinear term is rewritten using the
symmetric/asymmetric formulation and the terms related to

Yo P )

nonlinear interaction between the symmetric and asymmetric

circulations are modified and/or deleted.

1. Balance between Motion and Ventilation Flow Generation o

Associated with the wavenumber one, large-scale

o hadiht ot g gu 5 28 % 4

asymmetric gyres generated by Rossby dispersion is a nearly
uniform flow that "ventilates" the inner regions of the oo

e

vortex. This ventilation flow, together with inner-core
processes, moves the vortex through nonlinear advection. As

-« r-... ..‘T‘Y

demonstrated by Chan and Williams (1987), the vortex does

P Ay
T’
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not move due to linear processes alone. However, the linear 'ﬁ
solutions do show that the ventilation flow generation is ‘ﬁf
directly proportional to time for a stationary vortex. ;?
) Thus, the ventilation flow formation relative to the moving o
center will be a function of the speed of motion. In other “J
words, a moving vortex resists ventilation flow development o
by reducing the time at a fixed location for the flow to i
develop. %%
The nature of the balance between vortex motion and iﬁ
the ventilation flow formation is controlled by scaling the s
relative magnitude of the nonlinear to linear terms, because :W

the linear term controls the asymmetric flow and the Y

nonlinear term is primarily responsible for the motion. N,
Four vortices are chosen to illustrate the effects of the zﬁ
flow in the critical annulus and the model integrations with ]
the varying nonlinear-to-linear ratios are used to calculate ;*
a curve relating the magnitude of the ventilation flow §;
vector to the speed of motion. These "ventilation flow %ﬁ
curves" depend on the flow in the critical annulus and g”
suggest that some vortices may be less stable to changes in ?\
the ventilation flow-motion balance. g§
2. Egn%ingar-gn;x I?teg;gtiogs after Initjalization .

w inear Solution. W\

Using a linear solution for the initial conditions !1
provides a vortex that contains both a symmetric and an ¢%g
asymmetric circulation. By then setting the linear term to txf
zero during the integration, the mechanism for ventilation ;u'
flow formation is eliminated. Thus, the only way to change ?ﬁf
the asymmetric flow is through nonlinear advection. v
Although the tendency analysis suggests that the nonlinear ﬁt‘
term counteracts the linear forcing, ultra-long model 2
integrations (12 days) with only the nonlinear term show -
that advection does not eliminate the asymmetric circulation Ek'
o

N
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as the motion is persistent even at the end of a 12-day
integration.

This type of integration has been performed for a
variety of vortices and it is found that the path is similar
to that in the full (linear plus nonlinear) integrations.
That is, the motion dependence on the outer flow is not
changed. For example, a counterclockwise turning vortex
turns in the same way in the nonlinear-only experiments.

‘Thus, the turning motions are strictly a nonlinear effect.

An examination of the asymmetric streamfunction shows that
nonlinear advection acts to destroy the initial large-scale
asymmetric gyres and that this weakening process proceeds
outward from the inner core. However, a very large scale (~
1500 km) "background" ventilation flow remains, even after
ultra-long integrations, and it is this flow that causes the
persistent motion.

3. Modification of the Symmetric/Asymmetric Tendencies

The diagnostic analysis of the model tendency
equation, which is expanded in terms- of the symmetric and
asymmetric circulations, shows that the advection of
asymmetric vorticity by the symmetric flow {-J(¢s,v2¢a) or
AAVS) is responsible for: (i) the rotation of the large-
scale gyres; (ii) the motion of the inner-core; and (iii)
helps to negate the linearly-induced asymmetric flow
generation. The steering-type process of advection of
symmetric vorticity (the vortex) by the asymmetric flow (-
J(¢a,v2¢s) or ASVA)} is linked to the motion of the larger-
scale vortex.

This diagnostic analysis is extended to a prognostic
mode by modifying the nonlinear interaction terms between
the symmetric and asymmetric circulations during the model
integration. Two types of modification are made: (i)
setting AAVS or ASVA to zero; and (ii) adjust the spatial
distribution of these terms. When ASVA is set to zero, the
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center moves along the same path as in the full model
solution, but with reduced speed. This reduced speed
demonstrates the magnitude of the inner-core motion process
due to AAVS, as this type of advection is the only nonlinear
process in this model. When AAVS is set to zero (the only
operating advective process is then the steering-type ASVaA),
the center does not move, even when the initial vortex
includes an asymmetric circulation. This surprising result
! demonstrates the importance of a "coordination" between
motion of the larger-scale and vortex and inner core. When

the two processes are not properly "phased" (e.g., ASVA =
0), the motion of the center is distorted, particularly when
the inner-core process is disturbed.

¥. ULTRA-LONG INTEGRATIONS
The moving grid procedure allows ultra-long integrations

without resorting to moving nested grids or to extremely

large domains. A series of 12-day integrations, which are
) believed to be the longest ever attempted, shows that all
the outer-change vortices in which the inner flow is held
constant tend to approach the same common symmetric
structure with the same motion vector. This common or
quasi-universal structure is referred to the "beta-neutral
profile."

The beta-neutral profile is a consequence of the balance
between Rossby dispersion, which tends to break the vortex
apart (e.g., Flierl, 1977) and the nonlinear, inertia-type
resistance that acts to maintain the vortex. When the two
processes act over a "long" period of time, a "balanced"
profile results that is dependent only on 8. In these long
integrations, the beta-neutral profile has a net negative
integrated RAM in the r = 0 - 2000 km annulus.
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G. CONTRIBUTION TO THE MOTION BY DIFFERENT SCALES IN THE
INITIAL VORTEX

The final set of model experiments concerns the role of
various space scales in the initial vortex. The solution to
the linear version of the model is the well-known Rossby
dispersion relationship as derived by Chan and Williams
(1987) . This dispersion relationship states that the phase
speed of the waves in the system depends only on wavelength,
with longer waves moving faster than the shorter waves.
Thus, Rossby wave dispersion and the generation of the
wavenumber one asymmetries of a tropical cyclone scale
vortex will depend on how much of the spatial variance in
the vortex "projects" onto the most dispersive modes. The
greater the variance in the largest modes, the greater will
be the rate of asymmetric flow generation.

A generalized 2-D Fourier transform procedure (Errico,
1985) is used to calculate the variance spectrum of the
axially symmetric vortex and to filter the initial
conditions according to space scales. The scales are
divided into three groups: (i) "small" (0 < A < 500 km);
(ii) "medium" (500 km < A < 1500 km); and (iii) "large" (1 >
1500 km).

The 1-D spectrum shows little transfer of energy between
different 1-D scales during a 72-h integration. However,
there is a redistribution of energy between x and y
variations within a 1-D scale due to dispersion. When a
scale group is deleted, the nonlinear processes are unable
to fully restore the removed variance through nonlinear
interaction during the integration.

Model runs in which the small, medium and large scales
are selectively deleted or retained indicate that the large
scales make the greatest contribution to the speed of
motion, whereas the small and medium scales have the
greatest influence on path. This result further emphasizes
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the importance of the large-scale component of the vortex
structure.

H. SUMMARY OF STRUCTURE DEPENDENCE

Although the inner-core advective processes are
important to moving the center, the intensity of the inner-
core flow has very little bearing on the overall track.
Initial condition sensitivity experiments, in which the
symmetric flow in the "inner" (r < 300 km) and "outer" (r >
300 km) regions are independently varied, demonstrate that
the outer structure makes the greatest contribution to the
motion. Cyclonic and anticyclonic symmetric perturbations
in the "critical" r = 300 - 800 k annulus force long-term (t
> 72 h) turning motion in the same sense as the
perturbation. This result stresses the importance of the
interaction between the symmetric flow and the linearly-
induced asymmetric forcing.

The Fourier filtering experiments demonstrate that
largest scales control speed of motion and the intermediate
scales contribute mostly to the path. Finally, dynamical
sensitivity tests suggest that some vortex structures may be
more stable with regards to changes in the balance between
linear asymmetric forcing and nonlinear compensation.

I. SUMMARY OF NEW FINDINGS REGARDING THE DYNAMICS OF

BETA DRIFT

Understanding the role of vortex structure in tropical
cyclone motion has required a more detailed analysis of the
underlying dynamics of beta drift. A new
symgetric/asymmetric decomposition procedure is used as an
alternate means of expressing the dynamics. 1In this systen,
the vortex is associated the symmetric flow and the
interaction of the vortex with the environment is associated
with the asymmetric circulation.

A very strong relationship between the asymmetric flow
and the movement of the vortex center has been demonstrated.
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Thus, the dynamics of beta drift is keyed to the asymmetric
flow and the role of structure depends upon how the vortex
influences the asymmetric circulation.

The linear term in the model equation (8v) is the source
of the asymmetric flow. The nonlinear term (—J(¢,v2¢))
moves the vortex through advection of both symmetric and
asymmetric vorticity. 1In the process of moving the vortex,
the nonlinear effects act to "balance" the linearly-forced
asymmetric circulation and thereby establish quasi-steady
motion.

Advection of symmetric vorticity (the "vortex") by the

L B R -

asymmetric flow is a steering-like process that moves the

I "y

larger scale component (r > 300 km) of the vortex. However,

the advection of asymmetric vorticity by the symmetric flow

S

is responsible for the motion of the inner core. Dynamical
sensitivity tests, in which either the inner-core or larger-
scale vortex motion process is disrupted, demonstrate the

LA LT

importance of a correct "phasing" between these two motion
effects.

Je ﬁggg%ghTIONB TO FUTURE THEORETICAL STUDIES AND FORECAST

There are two essential limitations to this study. The
first concerns the model and the second is related to the
dynamical scenario. Model extensions to the divergent
barotropic and baroclinic framework will improve the
physical realism of the model. However, the experiments of
Hoke and Anthes (1975), in which divergent and nondivergent
barotropic models were used to study beta drift, suggested
that the most serious deficiency with the current approach
is more in the dynamical situation. Thus, future research
with this model should be directed towards considering basic
flows on the earth’s surface (i.e., relax the beta plane
assumption). Another area of experimentation arises from
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the long-term integrations. The "beta-neutral profile” is
an intiguing concept that needs further development.

a8

e i=

The model and dynamical situation used in this research
. are much simpler than the actual atmosphere and the current

zx 1,

suite of operational baroclinic tropical cyclone models.

Thus, the implications of these results to these more '§
complete models will depend on the degree to which real .:
cyclones behave in a nondivergent barotropic manner.
Nevertheless, there are several important points that should '
be considered in the development of more sophisticated :{
models. The wide variety of track behaviors exhibited by X
this simple model leaves open the question of whether the :”
motion process is primarily dynamical or physical. That is, ﬁ?
the nonlinear effects included in this model may be the most ﬁ:
important. It is possible that the physical processes of Q:
convection may simply modify the essentially barotropic g
dynamics. ?!
High spatial resolution may not be necessary for highly ?ﬁ
accurate track prediction. The ability of a coarse ﬁi
resolution model to simulate beta drift and the essential ‘

LAs

1"(!(&5

-

structurally-related track effects (i.e., the large-scale

vortex) offers a reason for continuing to use "coarse" grid
limited-area models and eventually global models. The best
dynamical forecast aid in the western North Pacific is still

I ‘\

a three-layer, Ax = 205 km model despite competition from a \
nested grid model and a full physics, baroclinic model (B.J. &
Williams, Joint Typhoon Warning Center, personal >
communication). - ol
The consistent dominance of the larger scale aspects of &:

the vortex in the motion process makes the vortex 2
specification problem a particularly difficult one. It is A
very important to carefully specify the beta-induced -
wavenumber one asymmetry, because a misrepresentation of ;
this circulation could seriously affect initial speed and 3\
3
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direction of motion. However, it is desirable that the
vortex specification not interfere with the larger scales
being developed in the vicinity of a cyclone during the
model data assimilation.

The large-scale nature of the linearly-induced
asymmetric circulation and the nearly perfect relationship
between the averaged flow in the r = 0-300 km annulus and
the motion of the center indicates that steering is a valid
concept. However, the steering flow in this study is
generated by the vortex itself. Therefore, it will be very
difficult to separate large-scale steering from vortex-
generated steering. Even though the steering concept may be
useful and dynamically reasonable, these results demonstrate
that the structure of the vortex must be accounted for in
determining the "steering flow."

The motion of an isolated vortex on a 8 plane is a
conceptually simple, but dynamically complex event involving
highly nonlinear processes. The key ingredient to the
motion in this situation is the structure of the vortex,
both as it interacts with the environment (8 here) and as it
provides the translation mechanism. It is believed that
this research provides new concepts and techniques for
analyzing the motion in more complex models. By developing
a more complete understanding of the motion process in a
series of progressively more complex models, it may
eventually be possible to build a forecast model that
simulates tropical cyclone motion with far greater
"intelligence" and produces more skillful track predictions.
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The vortex structure parameters discussed in Chapter III
are derived from the symmetric component yg(r) of the model
streamfunction solution. This function is available at the
grid points of the cylindrical grid (Fig. 4~1) and the
tangential wind v(r) and relative vorticity ¢(r) are
calculated via

v(r) = Xs ' (A.1)
ir
and
1 3(xrv(r
g(r) = = —u—)) ’ (A.2)
r ér

using the derivative routine of the spline-under-tension
subprogram ("CURV" in the NCAR Scientific Subroutine
Package; SSP) that is used in the symmetric/asymmetric
decomposition procedure.

The critical points of the v profile are found by
specifying the derivative using the splines at intermediate
"subgrid" points between points of the cylindrical grid
(radius) and linearly interpolating for the zero at the
extrema point. The procedure is illustrated in Fig. A-1.
In this example, and as in the symmetric/asymmetric
decomposition, the cylindrical grid has Ar = 20 km and the
subgrid points have a spacing of 5 km.

The critical points give the maximum wind (intensity),
the radius of maximum wind (RMW), the minimum v (maximum
anticyclonic velocity in the outer portion of the vortex),
and the radius of minimum v. These later quantities were
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not discussed in the text, but were examined for potential 5;
relationships to motion. ::,' X
The procedure is able to recover the initial intensity E,i

. and RMW within 1% of the input values. The size radius is

calculated in a similar way as the extrema, except that the fo

15 m/sec value of the function is found rather than the zero Q

»

b

of the derivative. The numerical precision of the radius
calculation also has an error on the order of 1%.
The inner (3.1), outer strength (3.2), integrated

w_,
»

PN

relative angular momentum (3.7), and the inertial stability .
}l

parameter (I' = (¢ + f)(f + 2v/r) are also calculated from :g
®

v(r) on the cylindrical grid using the NCAR SSP routines.
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ENDIX B:
DERIVING THE INITIAL 2-D STREAMFUNCTION
FROM AN ANALYTT GENTTAL WIND PROFILE

CAL T

Chan and Williams (1987) define the initial
streamfunction (y) on the model grid by solving the
Helmholtz equation (2.4 in Chapter II) for ¢ with the
forcing function (¢) specified directly from analytical
tangential wind profile (3.3). Although this method
involves a minimum of finite differencing, a significant
(5%) discrepancy is found between the flow calculated from
the initial psi (2.5) and the tangential wind profile. An
alternative approach was developed to reduce this
discrepancy.

The tangential wind (vy) is specified (e.g., the
analytical profile) on the 2-D Cartesian model grid and then
converted to Cartesian wind components (vo, ug) via

Vef{x,¥) = vy(r) cos §
Uc(x,y) = - vg(r) sin 4 . (B.1)

The forcing function (¢y,;) 1is calculated using the same
centered-in-space finite differences as in the model
equation in terms of the Cartesian wind components

={Vc te1,0  ~ Vo 1.1,] }_ {uc1,J+1 ~ Ve 1,4
2 Ax 2 Ay

14
(B.2)
where AXx = Ay (= 40 km in the standard model configuration).
Finally, the Helmholtz equation for y is solved
following the same inversion routine as in the model (for
the tendency) to give the initial streamfunction.
This method for calculating the initial vorticity uses

more finite difference operations than Chan and Williams
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af compatibility between the initial y and the initial wind.

ﬁ: Even though differences between the two approaches are not

- large, it is desirable to more closely recover the

%ﬁ analytical v profile from the numerically-derived

y streamfunction.
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PENDIX C:

Iﬁg MODEL_TENDENCY EiUATION IN THE

To study the interaction between the symmetric and
asymmetric circulations, the model tendency equation is
rewritten with respect to these two circulations. The
decomposition of the total field (¥¢) into symmetric (¥g)
and asymmetric ($5) components is made prior to any
calculations with the rewritten equations using the
procedures discussed in Chapter IV.

The decomposition is accomplished by

£ = A(f) + S(f) , (C.1)

where the A operator returns the asymmetric component of f
and S returns the symmetric component. As discussed in
Chapter IV, the decomposition (the 4 and S operators) is a
numerical procedure that precisely decomposes (i.e., the
residual [f -~ {A(f)~S(f)}]) is very small) the symmetric and
asymmetric components.

In the model, the decomposition is applied to the total
streamfunction

¥t 1) = ¥s 1,5 t ¥a 1, ' (C.2)

where the i,j subscripts in (C.2) denote values on the

the model grid. The indices are from i =1, ... , M and j =
1, ... , N, where M is the number of points in the x or i
direction and N is the number of points in the y or j
direction.
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1
:: The model tendency equation for the total streamfunction N
W (as in (2.6) with the i,j indices dropped for convenience) N
|
I is
i 2 ¥ 2 v )
" V. — = -J v +8 — . c.3 ]
.l': It (¢tr ¢t) B 3% ( ) ]
‘5 " Defining the inverse operator of H(f) = vzf, as H'l, and )
. noting that the Cartesian north-south wind component is
s v = 3y/3x (2.5), the model equation becomes
i ay : ‘1
o 5 = H (=T, 7))+ H(BY) (C.4)
7;‘ Y
n Substituting (C.2) into the nonlinear term of (C.4) '
N yields !
e , ]
¥t . 2 -1 2
- o ~H (-T(a7¥s) + B (-T(¥s,7 va)
O (ASVA) (AAVS)
J‘: -1 2 -1 2
" + H (-J($a,V ¥3) + H (-J(¥g,7 ¥g) \
N - : (AAVA) (ASVS)
o + H '(8v) . (C.5)
5y
o
where ASVA = Advection of_ Symmetric Vorticity by the
§ Asymmetric flow;
AAVS = Advection of Asymmetric Vorticity by the
- Symmetric flow; ]
(M
i AAVA = Advection of_ Asymmetric Vorticity by the !
e Asymmetric flow; and \
. U
o ASVS = Advection of Symmetric Vorticity by the '
: Symmetric flow. '
s ASVS is zero by definition, but AAVA is in general

A nonzero. However, AAVA is numerically an order of magnitude

s smaller that AAVS, and ASVS is not exactly zero because of .
finite difference errors. The spatial distribution of ASVS

. has a 2ax checker-board appearance and does not contribute

to the dynamical processes, but does introduce noise

into the track as noted in the Chapter II.
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The remaining tendencies are calculated on the model
grid using the model finite difference operators.
Furthermore, the tendencies in the model and in the figures
are nondimensionalized with a length scale of 10° m and a
time scale of 10® sec as in the model.

To explicitly show how 8 forces the symmetric and
asymmetric circulations, the decomposition (C.1) is applied
to Bv vice pdy/dx. This yields a gv tendency field that
corresponds directly to the symmetric and asymmetric
circulations. The rewritten model equation now becomes,

oY . .
a—t-E = H' (-3 ($a,9%s) + H '(-T (5,7 %a)
+ H'( s(av) } + H'( a(v) ) , (C.6)
(SB) (AB)

This equation shows the basic coupling between the symmetric
and asymmetric circulations within the vortex, which are:

(i) environmental forcing by 8 (SB and AB); and (ii)
internal nonlinear interaction (AAVA and ASVA). A complete
anaiysis of the coupling is given in Chapter IV.
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APPENDIX D:
CALCULATING THE MOTION TENDENCY

In Chapter IV, the streamfunction tendency due to the
uniform translation of the vortex is removed from various
tendency fields to isolate on "relative-to-the-moving-
center" changes in the vortex. This "motion" tendency is
calculated by first observing that the vorticity change due
to constant translation can be expressed as
ii = - E . V¢ p (D.1)

at

where ¢ is a uniform velocity vector equal to the motion of
the vortex center at a given time. This vector is derived a
posteriori from the hourly positions as described below.
Converting (D.1) to an equivalent form in terms of the
streamfunction y gives

2 Y
at
where ¥, is a uniformly varying streamfunction whose

= = J(¥m,7'¥) : (D.2)

\%

orientation and gradient are equal to the vortex motion.
Although this equation can be applied to either the
symmetric or asymmetric circulations, it is generally used
for the motion tendency of the symmetric circulation that is
associated with the "vortex." The problem in calculating
this tendency is finding ¢y and 2.

The vortex position (¥ center) is saved every hour
during a model integration and the motion vector is
calculated over 3, 6, 12, 18 and 24 h intervals. These
positions are smoothed with a Shuman (1957) smoother-
desmoother prior to the motion calculation to eliminate
unrepresentative, numerically-induced oscillations (see
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Section IV-F). The motion vector is defined to be the 6-h
motion vector that is closest to the valid time of the model
streamfunction ¥ in the calculations in Sec. IV-E. The
constant-gradient streamfunction (zero vorticity) is found
by solving

Vg = 0 , (D.3)

with boundary conditions from

3¥m

= =V D.4
Py n (D.4)

where n indicates the outward pointing unit vector and
increases outward from the edge of the domain, s is distance
along the boundary and increases counterclockwise, and vp is
the wind component normal to the domain (in the direction of
n).

A finite difference form of (D.4) is integrated
counterclockwise starting in the southwest corner (the 1,1
point on the grid or the lower left hand corner) to yield
the boundary values of yp. The interior values of the
constant-gradient yp are then solved using the same
Helmholtz equation inversion routine as in the model.

Given ¥y and the model ¢ solution (either total or the
symmetric component), the motion tendency is calculated in
the same manner as all the other tendencies in the budget
equations.
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