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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 P plane in a no-flow environment. Initial

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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1. INTRODUCTION

The dominant concept in the theory and forecasting of

tropical cyclone motion is "steering." The essential nature

of the steering process can be represented by the motion of

a "leaf on a flowing stream;" i.e., the leaf is bodily

carried along without interaction with the stream's steering

current. This analogy has been applied to the motion of

tropical cyclones with surprisingly (considering the complex

physics in these cyclones) good success. The studies of

George and Gray (1976) and Brand et al. (1981) clearly show

the existence of a statistically significant relationship

between the mean (over many storm cases) tropical cyclone

motion vector and the much larger scale, mean flow vector.

As pointed out by Chang and Madala (1982), the standard

deviation of the difference between the storm motion and the

large-scale flow vector is much greater than the average of

this difference. This implies that on a storm-by-storm

basis the mean relationship is not strong, and that large

deviations of the storm motion vector from the surrounding

larger-scale flow are possible (Bell, 1979).

The real-data analysis of Jones (1970) is a good

illustration of how this discrepancy can occur. In his

study, the flows "inside" and "outside" a hyphothesized

interaction radius were compared to the storm motion. Large

discrepancies were found, particularly between the motion

and the inside flow, which suggests a radial dependence on

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

environmental flow.
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There are two explanations for the large standard

deviations and motion discrepancies noted above. Either the

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

to the large standard deviations. Neumann (1979)

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

significant contributor to the uncertainties in the tropical

cyclone-steering relationship. However, tropical cyclone

motion is more complex than a simple relationship to some

mean flow at a single (or integrated) level.

First, the separation of the tropical cyclone scale of

motion from that of the "environment" is not as simple and

clear-cut as steering theory would imply. More importantly,

the tropical cyclone is not a "solid" vortex being "pushed"

along by some "steering" stream. In reality, the storm

interacts with its environment in many ways. Therefore, the

fundamental physical problem is how this interaction occurs.

The particular goal of this study is to understand how the

structure of the tropical cyclone contributes to the motion.

A. CURR]NT UNDZRSTANDING

Observational studies of the dependence of motion on

structure have mainly been based on composite studies. The

most notable is Chan (1982). Although his results are

mixed, it can be seen (i.e., Table 4, Chan, 1982) that the

variations in the differences between the steering flow

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

stratifications (e.g., speed of motion).
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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 aliasing

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 p term is to force a

wavenumber one asymmetric distortion in the initially

symmetric vortex by the Rossby wave dispersion effect. The

linear P 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:

(i) Current theory is primarily barotropic. Dependence
of beta drift on storm factqrs has oeen
demonstrated, but the dynamical reasons behind the
response are not well understood;

(ii) The nonllnear effe9ts generate motion in response to
asymmetric d istorting forces (e.g., P); 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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davgerous cyclone, the decision of the National Weather

Service to forecast a track over Oahu nearly resulted in an

unnecessary evacuation of all Navy ships from Pearl Harbor!

The Abby and Narda cases demonstrated that storm

structure needs to be more fully considered in dynamical

forecast systems and in operational forecast preparation.

This opinion was strongly endorsed in a planning meeting on

dynamical tropical cyclone models during January, 1985

(Elsberry and Fiorino, 1985). The operational

representatives stated that one of the most important

features of an advanced tropical cyclone forecast model is

the ability to correctly (realistically from the viewpoint

of the forecaster) specify the initial tropical cyclone

vortex. This desire is not solely based on theory, but also

on forecaster experience (as noted above) that structure can

be an important element in track prediction.

However, a different sentiment has been expressed by

some forecasters from the National Hurricane Center (NHC),

Miami. According to R. Sheets (personal communication) of

NHC, "steering is 80% of the problem." Consequently, there

have been great efforts at NHC to improve the analysis of

the "steering current." While there is no doubt that

greater observational density and better analysis methods

will be necessary for track prediction advancements, V

limitations in theoretical understanding of the motion

process also could seriously restrict future gains.

Research into the role of structure in tropical cyclone 6

motion can help settle the issue, i.e., is steering 80% of

the problem, or are storm effects important, and if so when?
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B. GOALS 0F THE RESZARCH

This research hinges on two basic premises:

(i) It is necessary to more fully understand simple
models (dynamics) before studying more complicated
effects.

(ii) Tropical cyclone motion is essentially a barotropic
process. Baroclinic and physical effects .an be
thought of as modifying the barotropic motion
procegs by changing thq storm and the vertical level
at which Interaction with the environment occurs.

The literature review has shown that current theory has

relied on simple models and has provided insight into the

actual dynamics of the motion process. Thus, the first

premise is well supported. The validity of the second

premise has not been explicitly supported and is really a

simplifying assumption. However, many participants at a

recent Planning Meeting on the Theory of Tropical Cyclone

Motion (Elsberry, 1986) felt that the barotropic model

is a good first-order approximation.

Given these two premises, the basic goals of this

research are:

(i) To more completely understand the dynamics of the
barotropic motion process; and

(ii) To oetermine whtch features of _he vortex (e.g.,
maximum wind size, total relative angular momentum,
etc.) have the greatest influence on motion.

The research uses three kinds of tools to meet these

goals: 1) a nondivergent barotropic numerical model as the

dynamical basis; 2) new analysis procedures to diagnose the

motion process from the model solution; and 3) special model

adaptations to isolate the nonlinear and linear effects and

interactions between the symmetric and asymmetric

circulations.

Chapter II describes: (i) the numerical model; (ii) the

numerical precision of the solutions; and (iii) a moving

grid procedure to permit ultra-long (t ; 12 days)

integrations and to simplify solution analysis. The
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dynamical limitations of a no-flow environment on a P 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

initial-condition sensitivity approach in which a series of

vortices, which are patterned after typical tropical cyclone

structures, are used as initial conditions in the

integrations. The tracks show that the structure of the

flow beyond r = 300 km determines beta drift.

In Chapter IV, the dynamics of beta drift is examined

through a streamfunction tendency analysis of the symmetric

and asymmetric circulations. This analysis explicitly

demonstrates how the symmetrical circulation induces an

asymmetric flow via linear Rossby wave dispersion and how

the asymmetric circulation interacts with the symmetric

circulation to move the vortex.

In Chapter V, the concepts developed in the tendency

analysis (which is a "static" approach) are then extended by

directly modifying the dynamical terms in the model

equation. In this way, the nonlinear interactions between

the symmetric and asymmetric circulations can be controlled

during the integration (a form of "dynamical" sensitivity

analysis). It is shown that the motion process occurs on

two scales. In the inner-core (r < 100 km), the advection

of asymmetric vorticity by the symmetric flow is responsible

for the motion of the center. The advection of symmetric

vorticity by the asymmetric flow, which appears as a

steering-type process, moves the larger components of the

vortex (100 km < r < 600 km). These two motion processes

have varying contributions to the overall motion of the

vortex depending on the strength of the vortex flow in the

inner regions (r < 300 km).

The longest integrations of a barotropic model of this

type in previous studies has been 96 h (Kitade, 1981).

2
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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 "a-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 z 1500 km) control

the speed of motion and that the medium scales (500 km < A <

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. THE 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 P 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

d-a 0 (2.1)

dt

where a is the absolute vorticity. Expanding the total

derivative into the local or Eulerian derivatives, (2.1)

becomes

L 4 af
- + V • V + - v = 0 , (2.2)
at ay

where g is the relative vorticity and the other

variables have their usual meaning. Assuming that the

latitudinal variation of the Coriolis parameter (P = Of/By)
is a constant (the P-plane approximation), the governing

equation becomes

V- + v • V + Bv = 0 . (2.3)at
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In this study, p 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 (0) can be defined to represent the wind

components. That is,

S ,(2.4)

and

4 A 810 8_
V k k • , or u - - V x " (2.5)

ay a

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. In

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

V - + J(,v2) + -=0 , (2.6)
at ax

where J is the Jacobian defined as

2 ao a a a=(, -

ax ay ay ax

= v - + u- . (2.7)
ay ax
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Thus, changes in # are due to both nonlinear (J(O,v2 ))
and linear (00/x) 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. UMX3ICAL FORMULATION

Solutions to the full model equation are obtained

numerically using the same methods as employed by Tupaz

(1977). Only highlights are given here, as the detailed

description can be found in Tupaz (1977) or Tupaz et al.

(1978).

The model equation (2.6) is solved on a rectangular,

Cartesian grid with uniform grid spacing. A typical

configuration is 101 x 101 points in the north-south and

east-vest directions with a horizontal grid increment, ax,

of 40 km. The Jacobian term is estimated using the Arakawa

(1966) form, which ensures conservation of energy and

enstrophy, and the linear P term is calculated using

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

inversion method (Sweet, 1971; Rosmond and Faulkner, 1976).

The boundary conditions for the Helmholtz tendency equation

(for the Jacobian) are the same as used during the model

integration (described in next section). The time

integration is then made using centered-in-time differencing

and a time step, At, determined by 'he Courant-Friedrichs-

Levy (CFL) linear stability reqv _nt (e.g., Haltiner and

Williams, 1980)

At 1
c - 5 -- (2.7)

Ax 2Xa

where c is the phase speed of the fastest moving wave (the

advecting velocity in this model). These numerical
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procedures are fairly standard and produce smooth and stable

results.

1. Boundary Conditions

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 # - 0 at the north and south boundaries. In this

version of the model, no slip or a zero gradient of 0 is

assumed, so that 0 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. Movig .rid

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

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 #-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). The

cyclic 0 boundary conditions at I-1 and 1-101 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 location of maximum relative vorticity or of minimum

streamfunction. Both of the # and centers are calculated

each hour during the integration. To interpolate for a

center between grid points, the 0 or is represented by an

analytical function. The center location algorithm locates

the greatest extrema on the grid as a first guess of the

vortex position. This estimated position is then refined

using Stirling's polynomial interpolation function (e.g.,
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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. fUNEAry

The numerical procedures used to solve the nonlinear

model equation are straightforward and well behaved. The

model has been optimized to run on the CYBER 205

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

model. Nevertheless, the current model yields satisfactory

solutions for the purposes of this study. .

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

processes. The key numerical issues are the appropriate

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 Williams (1987) have shown that the

motion of a vortex on a # 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 P 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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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 V
km.

The initial model configuration used in the RMW test

has 101xlOl 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 .5

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 .5

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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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 101xl1O 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

RM (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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of the track noise increases (compare the RMW = 50 km, ax =

40 km 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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3. Domain Size Effects

The RNW and resolution sensitivity tests establish a

ustandard" model configuration of 101x101 points with Ax =

40 km. Tests with larger grids (e.g., 201x201 points and Ax

- 40 k) 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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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. SUIRY

The dynamical framework used in this study is the

nondivergent barotropic vorticity equation on a P 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 i

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 (10-
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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 resolution 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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III. DEPENDE MOTIN ON THEINITIA SMTRIC FLOW

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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km) is defined as the "outer region." These regions are

defined based on many experiments with a wide variety of

vortices with different intensities and radii of 15 m/s

winds.

The key structural parameters of the vortex tangential

wind profiles, v, are illustrated in Fig. 3-1. In addition

to the three parameters (intensity, strength and size)

discussed by the Colorado State University (CSU) tropical

cyclone research group (e.g., Merrill, 1982), a second

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 6

distinguish it from the CSU "strength" parameter, which will

here be referred to as "inner" strength. The vortex

parameters are defined in Table 3-1.

TABLE 3-1. Definttion of the primary vortex parameters. A
complete description of how these parameters are calculated
from the model solution is given in Appendix A.

INTENSITY - Maximum tangential wind speed Vmax

INNER STRENGTH - Area-averaged tangential wind in the
r - 100 - 300 km annulus

300 kmn

f rv dr
VS i =100 k

i 00 km (3.1) %

f r dr
100 

km

OUTER STRENGTH Square root of the ar~a-avprage of the
square of the tangential wind speed in
the r = 300-1000 km annulus

1000 km .1/2
2

f rv dr
Vooo 30 k (3.2)

f r dr
300 km

SIZE Radius of 15 m/s (30 kt) winds, r15
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Fig. 3-1. Definitions of the four primary symmetric
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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,
1985). 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 I v I ) 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. SVPECIFYING THE INITIAL SYMMETRIC VORTEX

The initial symmetric wind profile is based on the Z

analytical tangential wind profile of Chan and Williams

(1987)

v(r) = Vmax [ rm  ] exp ]b [ 1 - r(33)
rmax b L Lrmax

where v(r) is the tangential wind, Vmax is the maximum wind

(intensity), rmax is the radius of maximum wind and b is an

exponential factor that together with rmax governs the shape

of the profile outside r = rmax. 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 = rmax and at some r, outside r =

rmax. Given (Vmax, Rmax) and the outer pair (Vl, rl), the

solution for b is,

vl rmax 1 [ b
ln V J -- _ _Ir . (3.4)

max rmax
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This equation is solved numerically by finding the root of

f(b)= 1 - Rb + bA , (3.5)

where,

r and A =in - rmax
rmax max r,

using modified linear interpolation (Gerald and Wheatley,

1984). For example, b is equal to 0.96 for typical values

of Vmax = 35 m/s, Rmax = 100 km, v 1 = 15 m/s and rl= 300 km.

The profile using this numerically determined b comes within

0.01 m/s of v, at rI . The initial streamfunction on the

model Cartesian grid is found by solving (2.4). The

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.

The v profiles used in previous studies (DeMaria, 1985;

Chan and Williams, 1987) are very similar to the one in

(3.1) in that the entire profile is specified with one or

two parameters. The disadvantage to this simple approach is

that a change in one structure parameter results in changes

to several aspects of the structure. For instance, changing

b in (3.4) changes both the inner and outer strength and the

size, which makes it difficult to isolate which parameter

would be dominant in the resulting track (e.g., Chan and

Williams, 1987). Thus, a capability to modify the

analytical profile is needed to vary the symmetric structure

parameters independently.

1. Combining Two Profiles

The first modification procedure combines two

individual profiles through a linear combination around a

"match" point (Fig. 3-2). The two profiles cross at the
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Fig.3-2. Illustration.of combining two tangential wind
profiles within the region between rl and r2. The combined
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solid) and the v2 profile (heavy, solid).
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size radius of 300 km (r =r15 Rmatch) and are blended

together in the interval rI  r r2 via:

v 2  r!5rl

vc = av2+(1-a)v ; a=(r2 -r)/(r 2 -rl) rl<r<r2 , (3.6)

L r2r 2

where vc 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 modification 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:

(i) 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.

The integrated relative angular momentum (RAM)

r
2

f r(rv)dr
r

RAM . , (3.7)
r

2
f rdr

r 1

for r, = 0 to r2 = is always positive for the analytical

profile in (3.3). As stated earlier, there is evidence that

both RAM (Willoughby, 1987) and area-integrated tangential

wind (DeMaria and Biak, 1987) are related to beta drift.

Thus, it is desirable to vary RAM by forcing the analytical

profile to become negative at some radius, which is

accomplished by modifying the profile through

+1 2 r r 1

vc = av, a 2r - (r2 + rl) r I < r < r 2  (3.7)
art r- r2

SVc =avl , ra r r- r(.7

-1 r ; r2

An example of the procedure is shown in Fig. 3-3b. Notice

that these single profile modifications can be made prior to

the combination procedure.

C. EXPERIMENT DESIGN V
The basic vortex in the numerical tests of Sec. II-C was

based on typical values of intensity, size and strength for

the tropical cyclone, i.e., average for all cyclones of both

tropical storm and typhoon intensity. In the following

initial-vortex sensitivity tests, these three structure a

i
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parameters and outer strength are varied in an independent

manner. An example would 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. In 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 Yy

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.

57

IrI --



5S-

45 .

359

is I

55

RAIU (KM)

", |

Fig. 3-4. Tangential wind profiles of the three basic
vort$ces, with intensities of 50 m/s (short-dashed), 35 m/s
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TABLE 3-2. Primary vortex parameters at t - 0 h and the
model-pro~uced ste4dy-state qpeed of mmton for all the
vortices in the initial profile sensitivity tests. The RMW
is 100 km and the size radius is 300 km for all cases

Exp. No. Intensity Inner Outer Speed
Strength Strength Motion

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

B1 35 23.9 3.7 2.65
"B" B2 50 30.2 3.0 2.80

B3 20 17.3 8.0 4.40

"I" 14 50 30.2 3.7 2.70
15 20 17.3 3.7 2.80

"o" 06 35 23.9 3.0 2.70
07 35 23.9 8.0 4.90

"S" S8 35 23.9 4.5 3.10
S9 35 23.9 3.3 1.80

"F" F10 20 17.3 8.0 4.40
FII 20 17.3 7.2 4.00

Key:

"B" - Basic vortices
"I" - Inner strength change experiments
"0" - Outer strength change experiments
"S" - Symmetric perturbation experiments *
"F" - Modify flow outside the critical annulus (r>800 km)

F10 - Lingarly reduce flow to 0.0 from r = 1000 - 1200
km in the B3 profile.

F11 - Lingarly reduce flow to 0.0 from r = 800 - 1000
km in the B3 profile.

The 72-h tracks for the basic profiles are shown in Fig.

3-5. These tracks (and the others below) have been smoothed

to eliminate numerical track noise as discussed in Sec. II-

C. In all cases, the vortex moves toward the NW with a

speed of motion of around 3 m/s. A similar result had been "
obtained in previous studies using comparable models (e.g.,

Kitade, 1981; DeMaria, 1985; Chan and Williams, 1987). The

most distinctive feature of the tracks is the greater speed

of motion and more westward translation as outer strength
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increases (B3 versus BI). It also appears that greater

inner strength causes somewhat greater northward motion when

the outer strength is approximately the same (B2 versus BI).

B. 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. In 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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P. 8YTJDTRIC 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 (B1 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

conservation 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 (S9 in Table 3-2) is
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created by forcing a zero in the B1 profile at midpoint in

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

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

formed by combining the B1 profile with a second profile

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

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

After the combination, the profile is then linearly forced

to zero from r = 650 - 900 km (Option 1 in Fig. 3-3). These

adjustments have the net effect of increasing the tangential
wind speed in the r = 400 - 900 km annulus.

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

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

motions in the same rotational sense as the flow changes in

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

the annulus is made more cyclonic, then the vortex track
will turn cyclonically and move toward the west in the

Northern Hemisphere. The speed of motion also increases as

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

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

Section H below.

G. PAR OUTER FLOW

The tangential wind in a composite western North Pacific

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

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

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
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 Fll. 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 (Fl).

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 NOTION 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

NN
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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, ,S.

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.

Further experiments with other sizes and other flow regimes

would be useful. However, as will be argued in the Chapter

VII, the track sensitivity is not scaled by vortex size, but

is a function of the physical size of the scales in the

vortex.

The relative insensitivity to the vortex flow in the

inner region implies that a high-resolution model and a

precise initialization of the inner portion of the storm may

not be necessary to simulate the barotropic component of

motion. Unfortunately, most of observational efforts have

been directed toward the inner region due to operational

"fix" (locating the center) requirements and aircraft range
S limitations. The inner portions of the vortex are

observationally (given aircraft reconnaissance) easier to

specify, whereas the dynamically important flow in the

critical annulus is very difficult to define.

The remainder of this dissertation is devoted toward
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

understand how these circulations interact and control the

motion. The dynamical processes will then be further

refined in Chapter V by using dynamical sensitivity tests.
In this type of experiment, the model equation is modified
during the integration to control nonlinear/linear and

symmetric/asymmetric interactions. The moving grid option

allows very long integrations to be performed without an

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

conditions. Finally, the role of physical scales in the

initial vortex, which are defined through a 2-D Fourier
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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. EVOLUTION OF THE SYMMETRIC AND ASYMMETRIC CIRCULATIONS

The dynamical basis for the dependence of vortex motion

on the initial structure is examined from the "viewpoints"

of: (i) the "total" solution; and (ii) the "symmetric and

asymmetric" components. In the total solution viewpoint,

the track is displayed and the total k solution and

diagnostic quantities (e.g., V = k.vxo) are plotted.

Although this approach is the most commonly used (e.g., Chan

and Williams, 1987; DeMaria, 1985), it fails to

differentiate the role of individual components of the total

vortex system.

By contrast, the symmetric/asymmetric viewpoint is

useful in understanding the interaction of the separate flow

regimes that make up the total vortex. This viewpoint is

based on the observation that tropical cyclones are

predominantly axially symmetric in the low and mid

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,
1953; Adem, 1956) as the mathematical treatment of the

vortex and the dynamical equations were greatly simplified.

More recently, a group of theoretical specialists at an

Office of Naval Research planning meeting on the theory of

tropical cyclone motion (Elsberry, 1986) recommended that

the total flow system be divided into three components:

(i) An axially symmetric circulation representing the
vortex;

(ii) An asymmetric circulation that 4risgs from an
interaction between the symmetric circulation and I
the "environment" (the earth's vorticity field and
larger-scale flows); and

(iii) A larger-scale "steering" flow representing
horizontally uniform flow steering effects.
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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 k
(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

problem and the definitions used in each study will have to

be clearly stated in order to compare results. The first

step in resolving the ambiguity between asymmetric

interactive components and the steering flow is to first

document that character of the asymmetric field in a no-flow

environment, i.e., from a model solution started from an

initially symmetric, isolated vortex on a P plane. In this

situation, the asymmetric flow is only due to interaction of

the vortex with the earth's vorticity field (the Coriolis

parameter).

Basic flows will not be considered in this study.

Rather, the focus is on the motion of a single vortex on a

plane to understand the earth-vortex interaction. However,

there are two aspects of the environmental flow definition

I
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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

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. In either case, having a clear understanding of

the "pure" interactive asymmetric field will be critical for

resolving the environmental flow issue.

A. SYMOETRIC/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

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

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

on the storm (point of minimum 0). The cylindrical grid has

a radial increment of 20 km and a azimuthal (8) 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.

In this situation, only field data on the Cartesian grid are

used during azimuthal averaging.

Once the cylindrical grid is established, the

interpolation from the model grid to the cylindrical grid is

performed with a bicubic spline routine from the National

Center for Atmospheric Research (NCAR) Scientific Subroutine

Package (SSP) using the same boundary conditions as in the

model. This routine is exceptionally accurate and has been

optimized for rapid execution on the FNOC CYBER 205

supercomputer.

The symmetric component of the field on the cylindrical

grid is found by averaging in a along each radii, which

generates a function tabulated at uniform points in r.

Although it would be simple to calculate the asymmetric

component on the cylindrical grid, it also would be

necessary to interpolate back to the model Cartesian grid to

perform finite difference operations consistent with the

model. Examples of such finite difference operations

include calculation of the asymmetric wind from the

asymmetric 0 or the calculations of the model vorticity

tendency terms. Instead, the symmetric component at each

model grid point is specified using the symmetric function

in r. This is accomplished by calculating the radial

distance of each model grid point from the vortex center and

then interpolating from the symmetric component (e.g.,

Os(r)) using a spline under tension (NCAR SSP). The tension

factor was adjusted to optimize the numerical recovery of

the vortex parameters from an analytically-specified

profile. This interpolation yields a function of x and y,

or Os(r) 4 Os(x,y). The asymmetric component on the model

grid is then found by subtracting the symmetric component

from the total (i.e., Oa(X,y) = Ot(x,y)-Os(X,y)).
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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 4

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 ft(x,y) and a

center point (x0,yo). The outputs are the symmetric _fs(x,y)

and asymmetric fa(x,y) fields on the input grid and the

symmetric component as a function of radius fs(r). The

procedure is applied only to the ot solution. All other

quantities are then derived (e.g., a from Oa) using

diagnostic relationships to insure maximum consistency with

the model solutions.

B. SYMMETRIC 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 Ot. 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:

Bl - The basic vortex
B3 - Weak intensity but strong outer strength
S8 : Cyclonic perturbation to Bl
S9 Anticyclonic perturbation to B3

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 = 800 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 Vmax Inner Outer RAMS
Strength Strength X 10

(h) (m/s) (m/s) (m/s) (m2/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 I

59 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
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Fig. 4-2. Evolution of the tangential wind profile at t =
0 solid), 72 h (short-dashed). 144 h (long-dashed) for
initial profiles (see Table 3-2) (a) the basic vorex (BI),
(b) the weak-large vortex (B3) (c) the cyclonic
perturbation and (S8) and (d) the anticyclonic perturbation
vortex (S9).
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The symmetric perturbation (S8 and S9) cases are derived

from the basic profile B1. This similarity is reflected in

the temporal changes of the inner region parameters (Vmax

and Vsi). 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 s (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 BI

vortex. As shown by Chan and Williams (1987), the linear

term (Pv) 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 B1. 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 (0a) for

the basic vortex experiment is given in Fig. 4-3. The J.
J"..

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 Oa goes to zero, and a small region (the

IP
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Fig. 4-3.. Temporal rvolution of the as.ymmetricstreamfunction Oa (m I The plot domain is 61x61points (with 64 = 40 km 249Ox2400 km) centered on the
vortex. The tick mrs indicate the location of the grid(gints. .This domain size will be used in all subsequentigures in this chapter unless otherwise noted. Positive
(negative), values indicate cyclonic (anticyclonic)
streamfunct ions. ,
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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 *a 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 -S
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 Oa- In contrast to the time

scale for the evolution of the translation speed, the

direction of motion stabilizes to within 5o of the steady-

state value of 3200 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 Oa 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 3200, 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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rotated flow expands outward and results in a broader
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 *a 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

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,

the development of east-west distortions suggests the
formation of an azimuthally wavenumber two asymmetry. An

alternate explanation is that the basic wavenumber one

circulation is breaking down in the very weak flow in the

outer portions (r > 700 km) of the system.

Longer integrations to t - 144 h (Fig. 4-6) show

that the breakdown in the asymmetric flow continues,

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

motion).

The fact that the vortex motion continues even with

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

significant symmetric flow is the horizontal scale of the

gyres at t = 144 h gyres, which is approximately r - 700 km.

This scale coincides with the point at which the symmetric

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 Oa via

S 8 a 8aa

Ua =- and Va= , (4.1)
ay ax

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

.view. A strong relationship is evident between the

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

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

circulation, except in the high energy core (within the

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

resolutions demonstrated that the horizontal scale of the

inner zone with weak asymmetric flow is independent of the
grid spacing, which suggests it is a physical effect.

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

the eastern North Pacific). Marks and Houze (1987)

hypothesized that the gyres resulted from the motion of the

vortex based on the theoretical study of Willoughby (1987).

While their argument may be valid, an alternate explanation
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Fig. 4-7. Asyimn tric flow at t =72 h for the basic vortex
B1 within a domatn of (a) 2000x2000 km and (b) 640x640
km region. The flow speed (m/s) is contoureo with an
interval of 0.5 rn/s in both paniels.0 The maximum vector
length corresponding to two grid points (between two tick
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Fig. 4-7. (Continued)
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Fig. 4-8. As in Fig. 4-7b except for relaitive asymetric
flow (arrows) formed by sutracting the motion vector at 72
h. The maximum arrow lenqjh in the upper right corner
corresponds to 5.0 m/s. Thp symmetric streamfunctioi
(contour interval 9 f 200x 1 mzIs) 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 ,

asymmetric flow corresponds closely to the rotational

stiffness of the core as represented by the inertial

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

state. Winds in the eye of tropical cyclones are light and

variable, which implies a point where the flow in a fixed

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

low pressure system would have a point with zero pressure

gradient or no flow at the center. The only effect of an

additional environmental pressure field would be a

horizontal displacement of the no-flow point from the center

of the symmetric vortex. The linear forcing also

contributes to the inner-gyre formation. For a perfectly

symmetrical vortex #v will go to zero at the center. Thus,

the generation of an asymmetric circulation would be

limited.

Based on the considerations above, it is argued that

the motion of the center is really the motion of a small

(50-100 km) stiff core. The scale of this highly stable

moving core is on the order of the radius of maximum wind,

rather than the "effective" radius of Holland (1983) who

proposed a higher value (- 300 km). Another important point

is that the existence of this rotationally stiff core

complicates the interpretation of the streamfunction

tendency (vorticity budget) used to explain the behavior of

the asymmetric circulation later in Sec. IV-D.

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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gyros 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. overyi
Rossby dispersion is the source of the large-scale

gyres, as is shown in the linear (fB 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 j) dispersion.

-
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The 0 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 p
term appears as a forcing function in the Poisson equation

v 2(a#/8t) = 6v, 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 P forcing of the asymmetric flow is moving

as well. This is a key point, because the translation of

the # 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 asymmetric flow

formation by the moving source (the symmetric circulation)
and advective twisting by the vortex. In other words,

advection tries to rotate the gyres cyclonically (depending

on the symmetric flow in the vicinity of the gyres) while k

the 0 forcing always tries to keep the gyres aligned east-
west (equivalent to an anticyclonic 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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greater the "balanced" or physically correct speed. Then,

the symmetric vortex would soon be displaced beyond the

asymmetric ventilation flow that sustains the movement.

Presumably, this would result in a tendency for the vortex

to slow down to allow the asymmetric gyres to reform.

Conversely, if the vortex displacement was much smaller than

the ventilation flow, the asymmetric flow would continue to

grow (linearly) with much stronger southerly (northerly)

flow to the west (east) of the center as shown in the linear

solutions of Chan and Williams (1987).

The balance then is between the vortex translation

and the asymmetric circulation development. This concept is

illustrated (Fig. 4-10) by plotting the ventilation flow as
a function of speed of movement for linear and nonlinear

effects. Rossby dispersion, or the linear component of the

model solution, would yield a large asymmetric flow (linear

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

around the center. The 1:1 relationship between the
ventilation flow and the translation of the center implied

by the nonlinear advection curve is simply a statement that

the motion is directly proportional to the advection by the

ventilation flow (i.e., simple steering).

The conceptual plot (Fig. 4-10) shows that there
will always be some balance point, although it might vary in

time. A.riori, the linear Rossby wave effect might be
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

diagram and the balance point are plausible, this considers

only the steady-state speed. Transients in the motion and
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Rossby Dispersion
I/

Ventilation
Flow. Noninear
Speed Adc'GCtOn

-Balance Point

Vortex Speed of Movement -

Fig. 4-10. Conceptual plot of the ventilation flow as a
fun cion of speed of movement for linear Ros@by dispersion
and nonlinear advective processes (see description in text).
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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 effects 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. 4-11a) 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. Dilcuion
The concepts developed in the preceding discussion

have been based on the B1 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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Fig. 4-11. The symmetric flow (vectors) and the @symmetric
voric ty (contoured) at t = 72 h for (a) the basic vortex,
(b) the weak-large vortex, (c) the cyc.Ionjc perturbation
vortex and a ne anticyclonic perturbation vortex. The
do a n fs 640x640 km and the vectors are plotted at every
grid point.
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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, d 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.

R. STREAM1UNCTION 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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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

(#t) can be expressed as

- = H (-J(#Ov 2 t) + H (nv) , (4.2)

where H "1 is the inverse operator of H(f) = V2f.

Splitting the nonlinear advection and beta terms into

asymmetric and symmetric components yields

a t = H" I (-J(#a,V 2,s) + H" (_J(s,V 2 -a)at

TT ASVA AAVS

+ H ( S(Pv) ) + H { A(Pv) ) (4.3)

SB AB

where

TT - Total Tendency

ASVA - Advection of symmetric vorticity by the
asymmetric flow

AAVS - Advectign of asymmetric vorticity by the
symmetric flow

SB - Symmetric component of the beta term that
forces the asymmetrical flow

AB - Asymmetric component of the beta term that
forces the symmetric flow

Additionally, the following tendencies are defined

TA - Total nonlinear advection = ASVA + AAVS

TB - Total beta term = SB + AB

The tendencies in all the following figures have been

nondimensionalized (as in the model) with a length scale of

106 m and a time scale of 105 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

- 3 h (Fig. 4-13a), the forcing of the large-scale

asymmetric gyres is apparent with positive 0 changes to the

east of the center and negative changes to west. However, a

smaller-scale tendency dipole also forms near the center.

The orientation of this dipole is suggestive of motion

toward 0 falls ahead of the center and away from the rises

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

and not shown). Thus, the beta drift has already been

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

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

and a steady state is established by 36-72 h (Figs. 4-13c

and d).

Removing the motion component from the pattern will

reveal the tendency relative to the moving center. This

removal is accomplished by subtracting a "motion" tendency

due to the advection of the total vorticity field by a

horizontally uniform flow (Fig. 4-14). The uniform flow

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

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
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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 *a

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 r

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
h
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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

amplitude. Comparison with the Oa pattern in Fig. 4-3

suggests that the beta term is the primary source for the

asymmetric flow.

During the rapid growth phase (Fig. 4-16a and b),

the zero line in the beta tendency is aligned nearly north-

south, which indicates a forcing that is symmetric in the

east-west direction. However, a east-west distortion occurs

during the linear growth and steady-state phases (Fig. 4-16c

and d). Outside of r = 500 km, the positive zone is wrapped

around the inner part of the vortex. By t = 72 h, the

region of the cyclonic tendencies to the west of the center

has been shrunk and a new cyclonic forcing zone has emerged

on the far eastern side of the system. This distortion is

due to the asymmetric circulation that has formed, but there

is still an essentially east-west symmetry in the pattern.

To efficiently rotate a wavenumber one asymmetry, the

tendency field should also be wavenumber one, but be rotated

90 . Thus, the beta term can not be directly responsible

for the rotation of the large-scale asymmetric gyres (Fig.

4.-3) as the forcing is aligned with the asymmetrical

circulation.

The most prominent feature in the total nonlinear

advection term (Fig. 4-17) is the motion-type dipole

pattern, which expands in horizontal scale and amplitude in

time. During the early stages of the integration (Fig. 4-

17a), only the innermost part of the vortex (r < 150 km) is
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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 # 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 0 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 0 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 f t for northward motion) alone.

The symmetric component of the 0 term (Fig. 4-

19) at t = 6 h contributes only slight k 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 (0s) , which is found from a finite

difference between the Os fields at two times. For

instance, the actual change at t = 6 h is calculated from

the Os 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 (fv > 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 f tendency in Fig.

4-19b indicates the development of a cyclone 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

a component of the Pv 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 fl 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 O(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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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. In

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. In

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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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 a 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

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.

d. Rotation of the Large-scale Asymmetric Gyres

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 forcing 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

balances the large-scale asymmetric gyres against linear

(nv) 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

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

of motion for the basic vortex experiment (BI) is given in

Fig. 4-25. The speed of motion is calculated over 12-h

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.

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

achieved, the speed of motion slowly oscillates about some

quasi-steady value. The ventilation flow speed follows the

motion in a nearly lock-step manner, but is about 5-10%

smaller (slower) than the actual vortex motion in the steady

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

analysis of Brand et al. (1981) showed that tropical

cyclones tend to move to the left of some averaged "large-

scale" environmental flow vector. However, in these

studies, the cyclones tended to move faster than the basic

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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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. SUMMARY OF THE DYNAMICS OF BETA DRIFT

The development and evolution of the symmetric and

asymmetric circulations in a tropical cyclone vortex moving L
on a P 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 P 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 f 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 P term. This component implies net

southerlies in the inner region (fv > 0 or positive a8/at).

The symmetric vortex forces the asymmetric flow through P as

the v component is azimuthally wavenumber one. When the

motion is in a steady-state, the asymmetric P term has

wavenumber two features that are not connected to the motion

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 shown to rotate the large-scale %

asymmetric gyres and is responsible for counteracting the fl

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. In conclusion, the moving vortex can be

viewed as set of symmetric/asymmetric circulation subsystems

that move and sustain each other in a balanced manner.

p
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V. DYNAMICAL SENSITIVITY

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. In 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 demonstrate 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 f 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 P 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 t
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.g.,

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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1. The Hvpothesized Ventilation Speed Function

As shown Fig. 4-25, a quasi-steady state does occur

in which the magnitude of the ventilation flow approximately

equals the vortex speed of motion. The basic idea behind

the hypothesized ventilation speed function is: If the

vortex motion is much less than the steady-state value (in

the extreme case it would be stationary), then the

ventilation flow relative to the center would necessarily

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 P forcing could not

be applied for a sufficient time to generate the large-scale

asymmetric gyres. Thus, it is possible to a priori infer

three points on the curve: (i) when the vortex speed is .

zero, the ventilation flow is a maximum; (ii) at the balance

point, the ventilation flow and motion are equal; and (iii)

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.

Consider the model tendency equation with two scale

factors a and b on the advection term and the fi term

respectively

a- = a(- V v ) + b(-,v) . (5.1)
8ta

As shown by Chan and Williams (1987), the motion is strictly

a nonlinear process, even though the asymmetric circulation

generation is basically a linear process. Thus, the

relationship between the motion and the ventilation flow

will change as the (a,b) scale factors are varied. For

example, if a = 0.5 and b = 1.0, then for every unit of

ventilation flow the storm would be expected to move only

half as fast. Conversely, if a = 2.0 and b = 1.0, the
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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 (BI); (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 P-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

forcing and holding a fixed. This allows the time step to

be held constant throughout all the integrations.
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TABLE -1. Characteriqtics of the m del experiments to
determine the ventilation flow function.

Exp. No. a b a/b Integration CommentsLength (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 Longgr integration
9 1.00 0.10 10.00 432 required to reach

steady 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. In the cases

in which the P 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 meri.dional v component (fv - 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).

Tha 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=l.0,b=l.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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potential," as measured by the maximum ventilation speed, of

a tropical cyclone scale vortex can be quite large.

4. Results with Varving a/b Ratios

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 P-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=l.0

and b ! 1.0 in Fig 5-3b).

The dependence of the adjustment to a steady speed

on the magnitude of ftv (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 p 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.

To better understand the ventilation speed derived

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

vortices has a nearly equal direction and speed of motion

toward the NW. As the weighting of the advection term

increases relative to the 8-term (a tends toward 1.0), the

tracks approach the track from the physically correct

experiment (a = 1.0, b - 1.0). This demonstrates in a

different way the conclusion of Chan and Williams (1987)

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

the #-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 (0) processes that yield consistent track

behavior as the a/b ratio varies appear to be sensitive to

the vortex structure. In the cyclonic perturbation

experiment (Fig. 5-5), a more marked departure from the

smooth transition in Fig. 5-4 occurs as the advection term

becomes relatively greater (Fig. 5-5b). The large track

deflection toward the north in Fig. 5-5b suggests that

external-to-the-voztex events that might disrupt the balance

between the advection and the P-term may lead to greater

track deviations for certain vortex structures.

A possible physical analog might occur when the

base-state absolute vorticity gradient (P in this research)
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changes in the vicinity of the vortex as it moves. DeMaria

(1985) has demonstrated such a sensitivity using a

comparable model and suggested that vortex specification

would be more critical in certain environments (absolute

vorticity gradients) than in others. These experiments

suggest a similar sensitivity may exist due to changes in

the structure of the vortex that is interacting with an

environment flow in which only p is allowed to vary.

5. The Calculated Ventilation Speed Function

The hypothesized ventilation speed functions may be

represented by plotting the steady-state ventilation speeds

on a straight line with slope equal to the inverse of the

a/b ratio used in the experiment. Physically, these lines

assume a perfect match between the linear-induced

ventilation flow and nonlinear advection. That is, if the

advection term is weighted twice the a-term (a/b=2.0), then

the storm will move twice as fast as the ventilation flow,

or that for every unit of ventilation flow the vortex would

move with two units of translation. The position of each

ventilation speed on these lines corresponds to the value on

the y axis.

The ventilation speed function for the basic Bi

vortex is given in Fig. 5-6. As hypothesized, the

ventilation speed function decreases rapidly from the linear

solution (a = 0.0, b = 1.0) and slowly tails off as the

nonlinear motion effects become relatively larger (a = 1.0,

b = 0.10). The "balance point," which is the intersection

of the straight line with slope equal to 1.0 (a = 1.0, b -

1.0, or the physically realistic model) occurs at

approximately 2.2 m/s.

The corresponding steady-state vortex speed are also

indicated in Fig. 5-6 (see Table 5-2 for the values). The

vortex motions for the case with b 5 1.0 are obtained by

multiplying the model motion by the a/b ratio. In other
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Fig. 5-6. The ventilation speed function for the basic (BI)

orex. The (a,b) pairs for 9ach of he.nine experiments is

n cated at the ena of the lines radiating from the origin.
Theee lines have a slope equal tth inverse of the a/b
ratio and represent how the vent lation speed would vary
with vortex moti9n if there was a perfect relationship
between ventilation flow and vortex translation. The heavy
line is for the physically correct mode, The dots on each
l ne indicate the steady-state ventilation speed for each
(a, e xperiment an the + corresponds to the steady-statespeed of vortex motion.
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words, the model motion is scaled to the physically

realistic case (b-l.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

icreases 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 B1 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
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Fig. 5-7. As in Fig. 5-6, except for the weak, large (B3)
vortex.
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201



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-l.0 curve could lead to large changes in the ventilation

flow and subsequent adjustments to the p-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 Pv). 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.

SF SF VRTX VRTX VRTX VENT VENT VENT VRTX VENT
ADVEC BETA SPD SPD DIR SPD SPD DIR ADJ ADJ

MAX SS SS MAX SS SS TIME TIME

0.05 1.00 0.53 0.50 316 6.17 6.10 333 96 96

0.10 1.00 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
SF BETA - Sca e factor on the lineaT P term
VENT SPD MAX - Maximum speed of the ventilation flow m/s)
VENT SPD SS - Steady state ventilation flow speed (m/s)
VENT DIR SS - Direction of the steady state vent. flow (0)
VRTX SPD MAX - Max speed of movement of the vortex center (m/s)
VRTX SPD SS - Seady state vortex speed (mis)
VRTX DIR SS - Direction of vortex motion ( ) I
VENT ADJ TIME -T me (h) to the maximum vent. flow
VRTX AW TIME - Tio (h) to the maximum vortex speed
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6. SU31fly
It was hypothesized in Sec. IV-C that the dynamics

of beta drift involves a balance between ventilation flow

generation by Rossby dispersion (#v) and ventilation flow

"reduction" or compensation by the motion of the vortex. In

this set of dynamical sensitivity experiments, the ratio

(a/b) of nonlinear to linear (pv) 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 (Av 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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9. NONLINUAR-ONLY SOLUTIONS A M R LINEAR FORCING

The tendency analysis in Sec. IV-D shows that large-

scale asymmetric gyres are generated by Rossby dispersion

(the P 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 (P 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 P 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 scalq, are the asymmetric
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 Design

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. Track 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 state around t - 72 h.

Another important characteristic of the tracks in

the nonlinear-only experiments is the curving away from the

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

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 gyros 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 p o 0. When the # 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

(Fig. 5-9d), the nonlinear-only tracks show greater

anticyclonic turning compared to the full model track. When

both the nonlinear and linear terms operate, the asymmetric

gyre formation tends to counteract the nonlinearly induced

rotation by forcing the gyres toward the north-south

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

the B3 vortex in Fig. 5-9b).

An unusual track forecast occurred with the S8

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

only integrations, the vortex moves as in the full model.

However, the cyclone then loops and finally heads toward the

north. To understand this behavior and to more fully
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understand the persistent motion in the nonlinear-only

integrations, the asymmetric flow is examined.

3. The Asymmetric Streamfunction

The initial asymmetric streamfunctions from the 24-h

linear solution for the four vortices are shown in Fig. 5-

10. The amplitudes of the gyres (refer to minimum contour)

range from 0.7 to 2.5 x 10' m2/sec and are proportional to:

(i) the ventilation flow; (ii) the outer strength; and (iii)

the length of the tracks in the nonlinear-only integrations

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

the Bl-class (i.e., B1, S8 and S9) vortices are very

similar, as each has a separation of approximately 400-500

km between the cyclone center and centers of the gyres at 24

h. The weak-large vortex (B3) produces a more intense and

larger scale set of gyres and a greater ventilation flow. A

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

discussed in Sec. IV-C).

The time evolution of the B1 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 v2 /r. The centrifugal

force resists deflections from a symmetrical state when the

symmetric circulation is much stronger than the asymmetric

circulation, which is typical of the tropical cyclone.

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

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
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diminishing/offsetting the asymmetric flow in the initial

conditions.

The amplitudes of the asymmetric gyres varies

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

5-11). Thus, examining the field every 36 h will be

sufficient to depict major features. At t = 36 h (Fig. 5-

Ila), 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

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

flow that was present in the initial conditions, presumably

because the nonlinear effects become progressively weaker in

the vicinity of the gyre centers.

Another way to depict the weakening of the

asymmetric flow between the gyres is to examine the relative

asymmetric flow (motion vector is subtracted from the

asymmetric flow). The relative asymmetric flow (Fig. 5-12)

tends to zero when the motion is equal to asymmetric flow,

in which case a balance exists between the vortex motion and

the ventilation flow forcing. This large-scale balance does

not apply at the center where the flow is zero and the

relative asymmetric flow contains a small-scale, inner-core

gyre. The fields in Fig. 5-12 have been smoothed using a

non-complex Shuman (1957) smoother-desmoother so as to

emphasize the larger-scale aspects of the flow.

Unfortunately, this smoothing also reduces the inner-core

gyres. The spreading of the region in which the asymmetric
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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

type of dynamics occurs within the "balanced region" and

outside this regions.

A final observation on the asymmetric flow is the

nearly constant orientation of the gyre centers with respect

to the vortex center (t > 72 h). The entire system (both

the symmetric and asymmetric components) appears to move in

unison and to act as single entity. The nonlinear processes

are the obvious key to this cohesiveness.

4. Very Long Integrations

The persistence of the background ventilation as

suggested in the relative asymmetric flow is confirmed by

continuing the integrations to 288 h from the 24-h linear

solutions. These tracks are plotted relative to the

corresponding 144-h full model track (Fig. 5-13). First,

observe that the turning motions as noted in Fig. 5-9

continue throughout the integration, except for the S8

cyclonic perturbation vortex (Fig. 5-13c). These turning

motions relative to the full model track are due to strictly

nonlinear effects. As shown earlier, linear forcing would

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

the balancing of nonlinear and linear effects will depend on

both the vortex structure and the base-state absolute

vorticity gradient (linear forcing).

The cyclonic symmetric perturbation vortex (S8) is

apparently an example of an "unstable" structure in the

sense that the nonlinear processes induce such a large
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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

1200 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. Summary

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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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 the 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. In

this section, the nature of the nonlinear motion dynamics is

2
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i
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

M i 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 inain of the modified processes with the rest

of the model processes will not substantially affect the r.

interpretations.

1. The Symmetric/Asymmetric Form of the Model Eauation

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

aot a(r) H'(J(a,720s) + b(r) H' (-J(Os,7a
at-

ASVA AAVS

+ H 1 ( v) (5.2)

where H' is the inverse operator of H(f) = v2f , 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 IV,

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

fa, r < ra

a(r) = fa + fa, fa, - r a) r a < r < r2a
r 2a rla I

L fa2  r r > a

(5.3)

and

fb[ r < r b

b(r) = fb + fb - fb (r - r,b) r b < r : r bF rbb 2b r 
1b

fb2  r > r b

(5.4)

These "radial weighting" factors permit experiments in which

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. Experiment Design

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
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"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.

TABLE 5-. *Parameters of the nonlinear symmetric/asymmetric
nt9eraction dynamical sensitvity experiments. ASVA refers
o ayec Tonof symmetric vorticity, y the aymetric.flow

and AAVq is the advetion of asymmetric vor ity by foe
symmetric flow. T is the t.me of the ijitial cond tions
where 0 refers to the analytical symmetric vortex and 72
means the initial conditions came trom a 72-h solution of
the full model. The parameters (fa' fa etc. ) are
defined by (5.3) and 15.4). 1 2

ExP a, f fb ra a rb, Tm Comments
N. f2 f2 r2 r2

Al 0 0 1 1 300 400 300 400 0 ASVA=0
B1 1 1 0 0 ------------ 0 AAVS=0

A2 1 0 0 0 400 500 ------ 0 Modify ASVA
B2 0 0 1 0 ------ 400 500 0 Modqfy AAVS
B3 0 0 1 0 ------ 200 300 0 Modify AAVS

C1 0 0 1 1 300 400 300 400 72 ASVA=0
D1 1 1 0 0 ------ ------ 72 AAVS=0

C2 1 0 0 0 400 500 ------ 72 Mod4fy 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-model 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. I
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. Dl, not shown).

Examination of the asymmetric streamfunction in Fig.

5-17 shows that the asymmetric flow for the Bl-class
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Fig. 5-15. Track to 72'h using the full moqel equation.
(solid, hurricane symbol every 12 h) and using the revised
model equation *n which the advect ion of ymmetric vorticity
y .the asymmetric flow JASVA) has been eliminated (short-
ashed). Panel 1a) is or the basic vor-tex (B), (b)

is for the weak-Ia~ge vortex (B3), (c) is for the
cyc onic-pqrturbation yortex (S8) and (d) is for the
anticyclonic-perturbation vortex (S9).
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Fj. 5-16. As in Fig. 5-15, except f9r the revised model
with the advection or asymmetric vorticity by the symmetric
flow (AAVS) eliminated. Panel _(a) is for the B. vortex and
(b) for the B3 vortex. The 72-h positions are highlighted.
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vortices (only B1 is shown) breaks down into two sets of

gyres when AAVS is set to zero. The large-scale gyres

appear to twist anticvclonicallv 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 0 falls

ahead of the center and 0 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. In 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 (BI, SS and S9

with the same inner strength), the inner-core does not move

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

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.

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

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.

Because the disconnection (or lack of a

disconnection in the weak-large vortex) depends on the

vortex structure, the ratio of nonlinear to linear terms may

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

basic vortex. However, the linear forcing is greater in

the B3 vortex compared to the basic vortex because of

greater oute 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 B1).

The conclusion from this reasoning is that the ASVA

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. Modifying AAVS

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

2.
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Fig. 5-18. Tracks to 72 h for the full model (solid) and
Exp. B2 (short-dashed) and Exp. D2 (long-dashed). In Exps.
B2 and 92 the advection of asymmetric vortcity by the
symmetric flow (AAVS) is eliminated outward of r = 400 km.
The initial vortex for Exp. B2 comes from the analytical
symmetric vortex in Exp. B2 and for Exp.*D2 comes from a
previous integration and therefore contains a.model-
generated asymmetric circulation. Panel (a) is for the
weak-large vortex; (b) for the cyclonic perturbation
vortex; and (c) for the 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 prozesses is strongly dependent on the vortex Owl
structure.

The turn to the north in the cyclones (vortices B3 .

and SB) 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

I
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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



a

1200

800

400
0

I...

0

-400
-1300 -700 -100 500

X (KMI

Fig. 5-19. As in Fig. 5-18 except that AAVS is eliminatedoutward of = 20 k. Panel (a is for the basic vortex;
and (b) is for the weak-large vortex.
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6. Modifving 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 B1

(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 adveqtion of symmetric vorticity by the asnetric
flow (ASVA) is eliminated outward f ro = 40 kman in Exp.
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vortex; and (d) for t e anticyclonic vo ex.
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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 tendency 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. SUIIARY AND CONCLUSIONS

In this chapter, the dominant dynamical processes of

vortex motion, as suggested by the "static" tendencies in V

Chapter IV, have been studied by directly modifying the

model equations during the integration. Such an approach is

referred to as a "dynamical" sensitivity analysis and is

analogous to the "physical" sensitivity tests (e.g., Keyser

and Uccellini, 1987).

Three types of experiments have been performed. In 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

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., BI) the two motion effects must operate

together to move the center.

The time scale required for outside (r > 400 1m)
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 ( )

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, theIl

nonlinear term is decomposed into symmetric and asymmetric P,

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. ULTRA-LONG INTEGRATIONS

The nonlinear-only integrations in Chapter V showed how

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

initial vortices will eventually assume the north-northwest

direction of motion due to the generation of the linearly

induced, large-scale asymmetric gyres. In this chapter,

"ultra-long" integrations of 288 h (12 days) with the full

model (both nonlinear and linear terms) are made for the

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

integration, as a very large domain would have been required

to contain the very long (3000 km) tracks.

A. TRACK RESULTS

The 288-h tracks for the Bl-type vortices (basic and the

two symmetric perturbations), and for the basic (Bl) versus

the weak-large (B3) cyclone, are shown in Figs. 6-1 and 6-2

respectively. The basic vortex moves with a remarkably

steady direction of motion, although there are some speed

oscillations. The long-time scale turning motion due to the

symmetric perturbations (Fig. 6-1) lasts for approximately

144 h (six days), and then the perturbed vortices move

parallel to the track of the unperturbed vortex. The

cyclonic bending in the track for the weak-large vortex

(Fig. 6-2) persists longer than in the cyclonic perturbation

case due to the stronger cyclonic flow in the critical

annulus. However, the weak-large vortex track after nine
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Fig. 6-1. Track forecasts to 288 h for the basic vortex
(solid), the cyclonic perturbation vortex (short-dashed) and
(se anticyclonic perturbation vortex (long-dashed). The
symbols plotted along the track indicate the position every
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Fig. 6-2. As in Fig. 6-i1 except for the B1 (solid) and the
weak-large B3 vortices (snort-dashed).
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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

appear to approach a common structure, especially for the

BI, S8 and S9 vortices. The B3 profile has a sharp

reduction in outer strength, which suggests that such a

large vortex in nature may require external forcing (e.g.,

low-level convergence). For this type of vortex, Rossby

dispersion acts to reduce the scale of the vortex (smaller

outer strength) outside the inner region where the nonlinear

effects are strongest.

These integrations also suggest that a single

"universal" structure exists that is hypothesized to depend

only on B. Vortices near this structure all move toward the

northwest with a nearly constant speed of 2-3 m/sec. 5;

Departures from this "a-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.

274



35 4

25

35 "

25 "

15

RADIUS (KM)

Fig. 6-3. Tangential windcprofiles in the ultra-long
in @grations with the basic vortex (solid), thq cyclonic
perturbation vortex (short-dashed) and the anticyclonic
erturbation vortex lon -dashed) at (a) t =0 h; (b) t =72
h(c) t =144 h; and (dy t = 288.

275



35

25C isi

S S

> S

-5

25 d

LIP

15

-5 , ,.,, ,5"- ,. I. . .. ' ' ' C - ., , J'

RADIUS IKM)

Fig. 6-3. (Continued)

276

P .p ,,55 q, ,* p . .,.N "



35

25

5

" -5•
0

RADIUS (KM)

Fig. 6-4. Tangential wind profiles during the ultra-long tinte ration for the weak-large vortex at t = 0 (solid), a
=144 h (short-dashed) and at t =288 h (long-dashed).
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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 #-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, "#-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 (p) are

responsible for forcing the the vortices to the 5-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 P-neutral structure and to

explain the wide variety of structures found in nature.
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VII. CONTRIBUTION 10 THE MOTION BY DIFFERENT SCALESIN I B INITIAL. VORTEX

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 K
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. In a

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

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.

The Errico (1985) procedure is a two-step process. The

field is first "detrended" by removing the domain-wide,

linear trend along each row and column. Consider a

rectangular grid with N points in the north-south or y

direction and M points in the east-west or x direction. A

2-D function with equally spaced discrete points, fi,j,

where i = 1, 2, ... , M in the x direction and j = 1, 2, ..., N

in the y direction is detrended by first removing the

domain-wide y linear variation at each i point. The

corresponding slope for the domain-wide y linear variation

is

fi,N - fi,1 (7.1)Syi N-

and the detrended field, ff,j, in y is

i,j = £i,j - 0.5(2j-N-l)Syi (7.2)

The slope for the domain-wide x linear variation is

SXj = i,N - il (7.3)
M - I

and the final detrended field, fp,j, is

fp,j = fij - 0.5(2i-M-1)Sxj (7.4)

The trend field, fT,j, is

fT,j = 0.5(2j-N-I)Syi + 0.5(2i-M-l)Sxj (7.5)

Subtracting the linear variation (fTj) results in a

field (fp,j) that is cyclically continuous in both

directions. This detrending step is required to correctly
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trends that form due to the extrapolation-type boundary

conditions on the north and south boundaries.

In the second step, the detrended field is transformed

using a discrete, 2-D Fast Fourier Transform (FFT) from the

NCAR Scientific Subroutine Package called "FOURT." The

mathematical form of the FOURT FFT was determined by

inputting analytical 2-D waves of a specified amplitude and

wavelength into the routine and examining the output. The

forward (field --> coefficients) transform is

M-1 N-1 -

Fn = fpj exp [-()9{km(i-1) + ln(j) }]

(7.6)

where

2w
- (m-l) , m 1, KmaxM-1

21r
km M-1(m-Kmax) m = Kmax+l, , M-1 (M odd)

2w
(m-Kmax-l) ' m = Kmax+l, ... , M (M even)

(7.7)
and

2x2 (n-l) , n 1, Lmax
N-1I

2x
= - (n-Lmax) , n = Lmax+l, ... , N-1 (N odd)

N-1
21r
- (n-Lmax-i) n = Lmax+l,...., N (N even)
N-1

(7.8)

and Kmax = M/2+1 and Lmax = N/2+1 (integer division).

The 2-D wavelength of the Fourier modes is defined by
2ff

Am, n  -,(7.9)
I ,n
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where the 2-D wavenumber is

Lm, n - (km2 + in 2 )1 . (7.10)

The amplitude A2mn of a 2-D mode is found from the

Fourier coefficients, Fm,n, according to

IFI,n, m
(M-i)(N-i)

-Fm,
n  + I Fm,n-N+ IiA2m'n (M-i) (N-i) (M-i) (N-i) -m , n o

(M-i) (N-i)

(7.11)

where indicates the magnitude of the Fm,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 N-i N-i

(M-i) (N-i) i=1 =1

Fm,n exp ((-i) y (km(i-I) + ln(j-i)) ]  (7.12)

B. EXPERIMENT DESIGN

The scales in the initial vortex are arbitrarily grouped

into three categories according to following definition:

SMALL - 0 km xA 500 km
MEDIUM - 500 km < x 1500 km
LARGE - A > 1500 km

These categories represent different vortex flow regimes.

The "small" scales represent the inner region of the vortex 4,

(r < 250 km for zone - 500 km wide), the "medium" scales
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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. Fl-F3).

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

Exp. Scales Sqales in the Purpose
Removed initial Conditions

F1 Small Medium/Large Role of inner region

F2 Medium Small/Large Role of critical annulus

F3 Large Small/Medium Role of large scales

F4 Small/Medium Large How large-scale component p

of the vortex moves
F5 Medium/Large Small Motion of the small scales

F6 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 (Bl),

(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

used in the previous chapters.

C. PERFORMANCE CKRACTERISTICS OF THE FOURIER FILTER

Before discussing the track solutions, it is important

to establish the accuracy of the 2-D Fourier transforms and

the filtering procedure. The amplitudes of the 2-D modes of

the initial streamfunction for the basic vortex (BI) are

shown in Fig. 7-1. A log-log plot is used to emphasize the -

smaller mode numbers that contain the greatest energy. The

mode number is translated (via 7.10) to a physical

wavelength in Table 7-2 for the standard model configuration

(101xl01 points, Ax = 40 km). The normal convention is to

use 0 for the mode number corresponding to the mean and 1

for the gravest mode (one cycle over the domain). However,

the FORTRAN computer code that performs that FFT uses 1 for

the first mode number. Thus, to minimize confusion in

relating the analytical equations to the code, the computer

convention for the mode number is used.

TABLE 7-2. Wavelength of the 1-D waves as a function of
mode number. The wavelength is the same in x and y as the
grid is square.

Mode Number Wavelength
(km)

1 c(the mean)
2 3920 (length of the domain)
3 1960
4 1307
5 980
6 784
7 653
8 560
9 490

10 435
11 392
12 356
13 327
14 301
15 280

5i 86 (Nyquist wavelength)
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Fig. 7-1. Amplitudes (small numbers) of the 2-D modes of

the initial streamfunction for the basic B1 vortex. nThe
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Fig. 7-2 l-D spectra calculated from the 2-D spectrum of
the initial streamfunct ion for the basic El vortex.
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The 2-D spectra in Fig. 7-1 shows that most of the

amplitude in the initial streamfunction is contained in mode

numbers less than 10 or wavelengths greater than 400 km.

Thus, most of the structure of a typical tropical cyclone

vortex is "projected" large scales. Even though a tropical

cyclone appears to be a "small" synoptic-scale feature, much

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

beta drift of.the vortex as these scales are the most

dispersive waves on a beta plane.

This 2-D spectra can be "condensed" into a more compact

1-D spectra by summing the amplitudes of the 2-D modes of

similar wavelengths. Following Errico (1985), this is

accomplished by summing the amplitude of all modes in an

modal annulus that depends on the minimum wavenumber.

Mathematically, the 2-D wavenumber annuluses (1-D mode #)

are defined by

+(1/ 2 )-n-kmin Lm,n <-(1/2).n.kmi n

where the largest resolvable wave (smallest wavenumber) is

2w
kmin = - , (7.11)

M-1

and the 1-D spectrum is calculated as

-/l-kmin

Al1  I Fmn . (7.12)
1 -okm in

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.

Although the maximum amplitude is contained in the 5th mode

(wavelength = 980 km) with a value of about 4.0x10 6 m2/s,

modes 2-4 also contain similar amplitudes. The amplitude is
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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. Fl) 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. Fl). 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 (B1, SB and S9). The vortex specification
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Fig. 7-3. 1-D spectra of the basic vortex in which all
scales < 500 )in have been removed for (a) the initial
conditions and (b).the filtered 72-h solution. This
filtering is used in Exp. Fl.
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(a) Exp. F2 -- remove the medium scales

Fig. 7-4. As in Fig. 7-3a, except for the other model
experiments.
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Fig. 7-4. (Continued)
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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.

TAB.I 7-3, Total streamfnction amplitude foT the four
yortces in the six experiments. The number in parentheses
is the percentage of tne unfiltered strea*function amplitude
accounted for by the filtered streamfunction. The outer
st ren th and the steady state speed of motion is alsoprovided.

Total Streamfunction Amplitude
(106 m2/s)

Vortex: B1 B3 SP S9

Basic Weak Cycloniq 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 initial streamfunction in the model experiments for

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

case in which the small scales have been removed (Fig. 7-5b
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(a) Unfiltered g _ •
conour interval = 90 (x104)m 2/s
minimum contour - -900 (Xl0')

Fiq. 7-5. Initial streamfunction (m2/s) for the unfiltered
and filtered experiments for the basic vortex. The grid is
indicat9d by the tick marks and the domain is a 2900x2000
km. This domain will be used in all subsequent figures
unless otherwise noted. The hurricane symbol denotes the
center of the vortex. I
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(d) Exp. F3 remove small scalls I I
contour interval - 80 (XlO m2/s
minimum contour = -720 (xlO' m2/s

Fig. 7-5. (Continued)
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(f) Exp. F5 -- small scales only 4
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Fig. 7-5. (Continued)

303



(g) Exp. F6 -- medium scales onl 2/
contour interval - 60 (X10 )m 2

minimum contour = -480 (x0 4) M 2/S

Fig. 7-5. (continued)
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versus 7-5a) is very similar except in the inner regions

where the gradients and the minimum streamfunction have been

reduced. Similarly, examining the wave groups on an

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

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

reflects the difficulty of representing a radial function on

a Cartesian grid with Fourier basis functions (refer also to

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

severe and the filtering does modify the vortex structure as

desired.

The tangential wind profiles of the filtered and

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

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

solution to the linear wave equation in cylindrical

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

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

functions).

Because the inner structure is determined by the small

and medium scales, the streamfunctions containing only small

and medium scales have a similar maximum wind speed, but

with a different RMW. Beyond r = 400 km, the medium and

large scales make the greatest contribution to the outer

structure. In the modified streamfunctions from the

symmetric perturbation experiments, there are considerable

differences in how the medium and large scales determine the

305



flow in the critical annulus (see Fig. 7-6c versus Fig. 7-

6d). It is also noteworthy that the sun 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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Fig. 7-6. Tangential (ms)wnd profiles for the
un filte~ed vortex (sol Idj) the small scales ilon dashed),
the medium scales (dte c an h ag ca Ies( short-
dashed). Panel (a) is for the basi vjrtx (Bl); (b) the
weak-large vortex ( B31; (c) The c cionic perturbation vortex
(SS); an (d) the anticyclonic pe urbation vortex (S9).b
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thi unfiltered integration (dashed) and the t 72 h
forecast from initial conditions with medium-scale filtering
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Fi 7-8 Tracks to 72 h for (al the basic vortex and for
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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 relative to the basic current (here equal to zero)

goes to zero. Removing the large scales results in a

stronger outer anticyclone in B1 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 B1 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

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

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

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).

Although these results are not unexpected, they do

explicitly demonstrate the dynamical ideas that have been
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Fig. 7-10. Comparison of the 72-h track fr9m the linear
(long-dashed, diamonds every 12 h) and nonlinear (short-
dashed, asterisks every 12 h) integrations initialized with
the large scales (Exp. F4) only and the nonlinear solution
with the Vnfijterqd vortex (the basic vortex). The 72-h
position is highlighted.
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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. Fl) 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, c 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. Symmetric streamfunction after 72 h integration
for the basic vortex.
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(c) The medium-scale component 2cqn',our interval = 50(1 4  m2 s
min~mum contour = -500 x104  m/

Fig. 7-11. (Continued)
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Fig. 7-11. (Continued)
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Fig. 7-12. Forecast tra4;ks to 72 h for the unfiltered
vortex (solid, with hurricane symbols every 12 h) the no
small scales (Exp. Fl; short-dashed, with asterisks every 12
h, and for the no medium scales (Exp. F2; long-dashed, with
diamonds every 12 h). Panel (a) is for the basic vortex;
(b) the weak-large vortex; 1c) the clonic perturbation
vortex; 4nd (d) the tntic Ionic perurbation vortex. The
72-h positions are highlighted.
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effect, as the unfiltered vortex track is primarily to the

north. In contrast, the weak-large vortex (Fig. 7-12 b)

exhibits little sensitivity to the small and medium scales

as the tracks are very similar in all cases.

There are two basic reasons why the small and medium

scales have such a strong influence on the motion. As

discussed in Chapters IV and V, the center is translated in

this model through the advection of asymmetric vorticity by

the symmetric flow in the inner core. The small scales make

their greatest contribution to the total vortex in the inner

portion of the storm. Thus, removing this component would

change the inner-core asymmetries, and would affect the

motion process by leaving the advection of symmetric

vorticity by the asymmetric flow as the more dominant motion

process.

The greater northward motion when the medium scales are

removed suggests that these scales affect the large-scale

asymmetric gyres. The cyclonic perturbation (S8) case is

used to illustrate this influence as the deviation from the

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

northwest. If the medium scales are removed (Fig. 7-13b)

from this total vortex solution (all scales initially), the

ventilation flow is shifted toward the north (Fig. 7-13a).

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-

13c).

The interpretation of these cases is that the large-

scale asymmetric gyres consist of two components. One is on

a larger scale (e.g., r - 700 km) and has a more north-south

alignment of the ventilation flow (Fig. 7-13b). The other

is a "rotated" smaller scale (e.g., r ~ 300 km) component
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(a) The unfiltered or total vort~x
contour interval - 20 jxlI 0m 2/s
minjmuin contour = -100 (x1 m./s
maximum contour = 120 (Xl4 M2Is)

Fig. 7-13. The 36-h asymmetric streamfunction for the S8
vortex.
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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

h
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Fig. 7-15. Foregast traqks to 72 h for the unfiltered
vortex (solid, with hurricane symbols every 12 h) an
initial vovtex with scales < 150 k removea (short-dashed
with astericks every 12 h) and an initial vortex with scales
< 300 km r9moved (long-dashed; with diamonds every 12 h).
Panel (a) is for the basic vortex; (b) the cyclonic
perturbation vortex; and (c) the anticyclonic perturbation
vortex.
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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 mgnitud 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. SUoMARY

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 f the total vortex that

projects onto the largest sc?..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. In 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

i
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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 EFTECTS

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 0

motion in agreement with the experiments of DeMaria (1987).
.P

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" zones; (iii) symmetric
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perturbations; and (iv) the "far outer" flow. These

experiments not only establish the basic structure

sensitivity, but also provides the basis for the dynamical

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

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

The radius of 15 m/sec (r15 ) is set to r = 300 km

and the flow inward and outward of r15 is varied. This

value of r15 is used to separate the "inner" flow from the C.

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

greatest influence on the motion. Specifically, the speed

of motion is proportional to the magnitude of the net flow

in the r = 300 - 800 km annulus ("outer" strength), whereas

changes in the inner region ("inner" strength) have very

little influence on the motion. This result points to the

importance of the larger-scale component of the vortex

structure in tropical cyclone motion. Furthermore,

additional tests confirm that the scale dependence is not

related to the other vortex quantities. That is, the beta

drift is controlled by processes dependent on the physical

scales in the vortex or to linear Rossby dispersion that is

embodied in the fv term in the model vorticity equation.

3. Symmetric Perturbations

The sense of the symmetric flow in the "critical

annulus" of r = 300 - 800 km is related to the long-term

turning motions. An anticyclonic (cyclonic) perturbation to
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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 between 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 I

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. These 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"
leflow 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

flow. Therefore, the role of vortex structure in the motion

process depends on how the structure influences the

formation and evolution of the asymmetric flow.

The asymmetric flow tends to zero at the center

because the linear forcing that generates the asymmetric

flow (Av) approaches zero and because the high inertial

stiffness resists distortion of the symmetric inner core.

This zero in the asymmetric circulation appears as a set of

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

tropical cyclone.

2. Circulation Tendency Analysis

The role of the asymmetric flow features in the

motion process has been examined using a circulation (vice

vorticity) tendency analysis. In this approach, the model

equation is expressed in terms of the symmetric and

asymmetric components of the streamfunction.

The formation of the asymmetric flow is due to the

asymmetric component of the linear term (8v). In other

words, the symmetric flow forces the asymmetric flow through

Rossby dispersion, which stresses the strong link between

the symmetric and asymmetric circulation systems.

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

vorticity (the inner-core gyres) by the symmetric flow is

responsible for the movement of the inertially stiff core.

On a larger scale (r > 300 km), the vortex is moved through

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

asymmetric flow ("ventilation").
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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

maintains the asymmetric circulation in a nearly steady

state. Furthermore, the tendency analysis reveals that the

advection of asymmetric vorticity by the symmetric flow is

the principal source of the nonlinear asymmetric flow

opposition and the turning motion in the symmetric

perturbation vortices.

E. DYNAXICAL SENSITIVITY

Three types of model integrations have been performed to

confirm the motion processes suggested by the evolution of

the symmetric/asymmetric flow and by the circulation

tendency analysis. In the first set, the ratio of nonlinear

to linear effects (IJ(P,v2 0)/ ,vI) is varied to control the
balance between the linearly-induced asymmetric flow forcing

and the nonlinear compensation. The second type of model

experiments concerns the manner in which nonlinear advection

modifies the asymmetric flow. In these experiments, the

linear term is set to zero (effectively, P = 0) and the
model is initialized with an asymmetric vortex from a linear

solution. In the third set of dynamical sensitivity tests,

the nonlinear term is rewritten using the

symmetric/asymmetric formulation and the terms related to

nonlinear interaction between the symmetric and asymmetric

circulations are modified and/or deleted.

1. Balance between Motion and Ventilation Flow Generation

Associated with the wavenumber one, large-scale

asymmetric gyres generated by Rossby dispersion is a nearly

uniform flow that "ventilates" the inner regions of the

vortex. This ventilation flow, together with inner-core

processes, moves the vortex through nonlinear advection. As

demonstrated by Chan and Williams (1987), the vortex does
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not move due to linear processes alone. However, the linear

solutions do show that the ventilation flow generation is

directly proportional to time for a stationary vortex.

Thus, the ventilation flow formation relative to the moving

center will be a function of the speed of motion. In other

words, a moving vortex resists ventilation flow development

by reducing the time at a fixed location for the flow to

develop.

The nature of the balance between vortex motion and

the ventilation flow formation is controlled by scaling the

relative magnitude of the nonlinear to linear terms, because

the linear term controls the asymmetric flow and the

nonlinear term is primarily responsible for the motion.

Four vortices are chosen to illustrate the effects of the

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

curves" depend on the flow in the critical annulus and

suggest that some vortices may be less stable to changes in

the ventilation flow-motion balance.

2. Nonlinear-only Integrations after Initialization
with a Linear Solution.

Using a linear solution for the initial conditions

provides a vortex that contains both a symmetric and an

asymmetric circulation. By then setting the linear term to

zero during the integration, the mechanism for ventilation

flow formation is eliminated. Thus, the only way to change

the asymmetric flow is through nonlinear advection.

Although the tendency analysis suggests that the nonlinear

term counteracts the linear forcing, ultra-long model

integrations (12 days) with only the nonlinear term show

that advection does not eliminate the asymmetric circulation
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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(Os,V 2Oa) 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(Oa,V Os) 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 ASVA),

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.

F. 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 k
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 P. 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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6. CONTRIBUTION TO THE NOTION 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 g X < 500 km); W

(ii) "medium" (500 km A 1500 km); and (iii) "large" (A >

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 S

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

symmetric/asymmetric decomposition procedure is used as an

alternate means of expressing the dynamics. In this system,

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 (pv) is the source

of the asymmetric flow. The nonlinear term

moves the vortex through advection of both symmetric and

asymmetric vorticity. In 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

asymmetric flow is a steering-like process that moves the

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

the advection of asymmetric vorticity by the symmetric flow

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

importance of a correct "phasing" between these two motion

effects.

J. APPLICATIONS TO FUTURE THEORETICAL STUDIES AND FORECAST
MODELS

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.

The model and dynamical situation used in this research

are much simpler than the actual atmosphere and the current

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

this simple model leaves open the question of whether the

motion process is primarily dynamical or physical. That is,

the nonlinear effects included in this model may be the most

important. It is possible that the physical processes of

convection may simply modify the essentially barotropic

dynamics.

High spatial resolution may not be necessary for highly

accurate track prediction. The ability of a coarse

resolution model to simulate beta drift and the essential

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

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).

The consistent dominance of the larger scale aspects of

the vortex in the motion process makes the vortex

specification problem a particularly difficult one. It is

very important to carefully specify the beta-induced

wavenumber one asymmetry, because a misrepresentation of

this circulation could seriously affect initial speed and
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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 P 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 (P 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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APPENDIX A:

DERIVING THE TANGENTIAL WIND PROFILE
FROKM THE SYMMZ.iLETIC TSJ J4ANCTION

The vortex structure parameters discussed in Chapter III

are derived from the symmetric component os(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

O~s
v(r) = , (A.1)

ar

and

1 a(rv(r))
-r = A, (A.2)r ar

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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Fig. A-.1. Ill~us. ration of finding an qxtrem~a of a function
using the derivative. The large dots indicate the
cylinc ricaj grid points (,&r = 20 km) an~d the asterisks
suibgrid points (Ar = 5 k)aft The derivative at the subgrid
Yoints is evaluated using a cubic.spline and. the zero value
thne e xlrema is found by linear interpolation between
subgrid points.
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not discussed in the text, but were examined for potential

relationships to motion.,

The procedure is able to recover the initial intensity

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

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

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

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

relative angular momentum (3.7), and the inertial stability ,

parameter (r - ( + f)(f + 2v/r) are also calculated from

v(r) on the cylindrical grid using the NCAR SSP routines.

o.
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APPENDIX B:

DERIVING THE INITIAL 2-D STREAMFUNCTIONFON AN ANALYTICAL TANGENTIAL WIND PROFLE

Chan and Williams (1987) define the initial

streamfunction (#) on the model grid by solving the

Helmholtz equation (2.4 in Chapter II) for 0 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 (vg) is specified (e.g., the

analytical profile) on the 2-D Cartesian model grid and then

converted to Cartesian wind components (vc, uc) via .

Vc(X,y) = vo(r) cos 9

uc(x,y) = - vo(r) sin 9 . (B.1)

The forcing function ( ,,j) is calculated using the same

centered-in-space finite differences as in the model

equation in terms of the Cartesian wind components

i'j =- Vc - Uc ''+ - Vc ''-

=2 Ax 2 Ay__ __ _ _ _

(B.2)

where Ax = Ay (= 40 km in the standard model configuration). -v

Finally, the Helmholtz equation for 0 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 N
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(1987), but it achieves greater finite difference

compatibility between the initial 0 and the initial wind.

Even though differences between the two approaches are not

large, it is desirable to more closely recover the

analytical v profile from the numerically-derived

streamfunction.
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APPENDIX C:

THE MODEL TENDENCY EQUATION 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 (0t) into symmetric (0s)

and asymmetric (0a) components is made prior to any

calculations with the rewritten equations using the

procedures discussed in Chapter IV.

The decomposition is accomplished by

f = 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 A and S operators) is a

numerical procedure that precisely decomposes (i.e., the

residual [f - {A(f)-S(f)f]) is very small) the symmetric and

asymmetric components.

In the model, the decomposition is applied to the total

streamfunction

tiJ = # 1,J + Oa 1,j (C.21

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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The model tendency equation for the total streamfunction

(as in (2.6) with the i,j indices dropped for convenience)

is

2 80 t - 2 aOt
v - = -J(Ot,V20t) + P - . (C.3)

at ax

Defining the inverse operator of H(f) = v2f, as H-1, and

noting that the Cartesian north-south wind component is

v = a/ax (2.5), the model equation becomes

clot 1 j(tV2t ,va t H'(-J(bt,v2 #t) + H 1 (nv) (C.4)

Substituting (C.2) into the nonlinear term of (C.4)

yields

aot 1 -2S'(jOSVt  H ( _J(#a,V2 #s) + H" (J(Os,v 2 # a)
.4 8t

(ASVA) (AAVS)

+ H ( - J(Oa,v72 a) + H 1(_j(os,7 2s)

(AAVA) (ASVS)

where ASVA = Advection of Symmetric Vorticity by the
Asymmetric flow;

AAVS = Advection of Asymmetric Vorticity by the
Symmetric flow;

AAVA = Advection of Asymmetric Vorticity by the
Asymmetric flow; and

ASVS = Advection of Symmetric Vorticity by the
Symmetric flow.

ASVS is zero by definition, but AAVA is in general

nonzero. However, AAVA is numerically an order of magnitude

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.

357

Nk



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 106 m and a

time scale of 10 sec as in the model.

To explicitly show how P forces the symmetric and

asymmetric circulations, the decomposition (C.l) is applied

to fv vice ,%xb/Ox. This yields a #v tendency field that

corresponds directly to the symmetric and asymmetric

circulations. The rewritten model equation now becomes,

aibt = i H'

at H - (-J((a,V2 #s) + H-' (_j(os,V2 a)

+ H-'( S(/v) ) + H-'{ A(,OV) ) (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 0 (SB and AB); and (ii)

internal nonlinear interaction (AAVA and ASVA). A complete

analysis 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

- C • , (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 0 gives

v 2 J (#.,v20) , (D.2)at

where Om is a uniformly varying streamfunction whose

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 Om and

The vortex position (0 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
35
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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 0 in the calculations in Sec. IV-E. The

constant-gradient streamfunction (zero vorticity) is found

by solving
V2O = 0 (D.3)

with boundary conditions from

-o = vn , (D.4)as

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 vn 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 Om. The interior values of the

constant-gradient Om are then solved using the same

Helmholtz equation inversion routine as in the model.

Given Om and the model 0 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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