{0 R Metearsl. Soc, (19963, 122, pp. 391-413
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SUMMARY

A further analysis of omegs dropwindsonde observations from three synoptic-flow expeniments m the envi-
ronment of Hurricane Josephine is described, complementing an earlier study by Franklin. The intensity, stracture
and evolufion of azimuthal wave-nember components of the 850-500 hPa laver-mean and deep-laver mean (sur-
face to 100 hPa) vorticity fields, including the symmetric component, are investigated, and the determination of
the extent to which the asymmetries may be merpreted in terms of the barotropic theory of vortex motion in
simple large-scale environments is sought, The latter endeavour calls for a (necessarily arbitrary) partitioning of
the flow berween vortex and environment. As a starting point for this it is hypothesized that the environmental
flow has a Hinear varigtion across a domain that appears i be encompassed by the storm circulaton. Based on this
assumption it is shows that, on two of the three days on which data were available, the structure and strength of the
wave-number 1 vorticity asymmetry were similar to the beta-gyres that are a feature of model caleulations. The
dav-to-day changes in the crientation and strength of these asymmetries in the 850-500 kP layer-mean caleuls-
tions are difficult to interpref in the Hght of barotropic theory, and are possibly associated with vertical shear in the
storm environment, as described in a recent paper by Jones. Such rapid changey are nol seen in the corresponding
deep-laver mean calculations, but the wave-number 1 asymmetries in these fields are significantly influeaced by
the contributions from upper ropospheric levels where there are few data and where the vortex circulation centre
i dispatched horizontally far from that at the surface.

The orientation of the wave-number 2 asymmeiry varied little over the three-day observation period and
was broadly consistent with the orientation of the large-scale deformation field. Moreover, its sirength weakened
during the peried and varied monotonically with that of the deformation field, a result that is consistent also with
thporetical expectations.

The attempted analysis highlights certain intrinsic problems in interpreting hurricane motion in terms of Cur-
rewt theories. This is due partly (0 the non-unigueness of the partition required to separate the storm eavironment
from the voriex asymmetries and partly because of the difficulty of determining a representative model-equivalent
vatue for the environmental absolute-vorticity gradient from the date.
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1. INTROBUCTION

Recent theoretical studies of tropical-cyclone motion in the framework of barotropic
models point to the importance of large-scale asymmetries in the vorticity field i deter-
mining the cyclone motion relative to some mean current in which the vortex 1s embedded
(Fiorino and Elsberry 1989; Shapiro and Ooyama 1990; Smith e al. 1990; Smith and
Weber 1993 Kraus ef al. 1995; and refs). In order to verify these theories, one must be
able to extract the asymmetries from observational data reliably. Calculations by Reeder et
al. (1991) and Weber and Smith (1995) suggest that, depending on the cyclone size, wind
measurements with a horizontal resolution on the order of 100-150 km would be neces-
sary in and around the cyclone to accomplish this extraction and, by implication, would
be a necessary prerequisite to be able to initialize a storm in a forecast model accurately.
Al the present time, the only data sets that come close to providing such resolution are
those obtained for a few Atlantic hurricanes during special field experiments organized
by the Hurricane Research Division (HRD) of the NOAA"/Atlantic Oceanographic and
Meteorological Laboratory. One such experiment was carried out on Hurricane Josephine
(1984) and an analysis of the data obtained was published by Franklin (1990). This data
set is unique in the sense that it remains the only one in which a storm and its environment
were sampled in detail on three consecutive days.
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" National Oceanic and Armospheric Adminstration

3491




342 A GLATZ and R K SMITH

In this paper we present additional analyses of these data with the object of inves-
ligating the vorticity asymmetries. In particular we seek to defermine the scale, intensity
and vertical coherence of the azimuthal wave-number 1 and 2 components of these asym-
metries, and their time evolution. A further aim is to determine to what extent, if any, the
structure and evolution of the asymmetries can be interpreted in terms of the behaviour of
those that develop in simple-barotropic-model calculations when an initially symmetric
vortex s placed m an environmental flow with uniform or linearly varying horizontal
deformation and/or a uniform absolute-vorticity gradient. Such questions are relevant for
two reasons: (i) because the simple-model calculations provide the basis for a conceptual
understanding of voriex motion, and (it} because these models provide a basis for con-
structing synthetic vortices for inttializing hurricane-prediction models in situations where
aircraft reconnaissance data are either unavailable or insufficient to define the inifial
vortex, the latter being the normal case. Finally we examine to what extent the diag-
nosed azimuthal wave-number 1 velocity asymmetry can account for the observed motion
of Hurricane Josephine.

The layout of the paper is as follows. In section 2 we describe briefly the data set and
the analysis methods employed. The results of the analyses are presented in section 3 and
10 section 4 we conclude with a discussion of outstanding problems.

2. DATA AND ANALYSIS

Hurricane Josephine was sampled on three days by two research aircraft which flew
into the environment of the storm and released nearly 50 omega dropwindsondes (ODWs)
during each nine-hour mission. The sondes covered an area of approximately 157 % 15°
fatitude centred on the hurricane, and data between 400 hPa and 950 hPa were obtained.
A description of the storm and its synoptic setting, and of the data gathered, are given by
Franklin (1990},

Two objective-analysis algorithms were applied to the primary observations, The
tirst, described by Franklin (1990}, was a two-dimensional least squares fitting algorithm
with a low-pass filter. The field was represented as a set of cubic splines, centred on a
two-dimensional array of grid points on 19 pressure surfaces with a resolution of 17 x
1" x 30 hPa. As the spline tunctions are twice-differentiable, any derived quantity can be
calculated in the domain. Gridded values of the zonal and meridional wind components u
and v obtained in this way and their first and second derivatives for 00 urc on 10, 11 and
12 October 1984 were kindly provided to us by James Franklin at the HRID,

A second objective-analysis scheme was applied to the ODW data alone using a
successive correction method developed by Pedder (1993). As in Franklin's analvsis, the
locations of the ODWs were adjusted to a storm-centred coordinate system before analysis.
The ¢ and v wind components were stored on a staggered grid and used to calculate the
vorticity by line integration around each grid box. This value of the vorticity was assigned
to the same location as in the HRD analysis. Some differences between the two analyses
may be expected since the Pedder scheme uses only the ODW data, while the HRD analyses
include data from additional sources mcluding flight-level data from the NOAA research
aircraft and USAF reconnaissance aircraft, together with rawinsonde data, ship reports,
commercial aircraft pilot reports (PIREPS), and satellite-derived winds. Moreover, the
HRD analyses are merged with the National Meteorological Center (NMC) wind analyses
above 400 hPa.

Because there was broad agreement between the two analysis methods, the analyses
shown in the following section are based on the original HRD analyses and, unless other-
wise stated, relate to the pressure-weighted 850-500 hPa depth-averaged mean flow, the
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layer covered by the ODW data. We show also some fields based on the deep-layer mean
(DM} flow, a pressure-weighted layer average from the surface to 100 hPa. Although
in principle more suitable for comparison with barotropic-model calculations, the latter
fields are influenced above the 400 hPa level to an unknown degree by the NMC assim-
ilated analyses, which in data-sparse regions are determined largely by the NMC model
prediction rather than by observational data. Another difficulty with the DLM fields is
noted below,

The vortex centre of the depth-averaged flow was defined as the position of the
relative-vorticity maximum and was located by a five-point interpolation using & quadratic
fitting function (see, for example, Smith ef al. 1990, appendix A). An azimuthal average
was calculated about this centre and then subtracted from the total asymmetric field 10
give the vorticity asymmeiry. Following this a Fourier analysis of the latter was carried
out in the azimuthal direction to obtain the various azimuthal wave-number contributions
thereto. The principal results of these analyses are described in the next section. It s
worth pointing out that the centre positions calculated at individual levels differ by at most
& km between 850 hPa and 630 hPa, and at most 15 km between B30 hPa and 500 hbPa.
Moreover, the centre position of the 850-500 hPa depth-averaged flow differs by 35 km
from the best track position on 10 October, but by less than 18 km on the other two days.
Above 300 hPa the vortex centre was il}-defined; on 10 and 11 October the relative-vorticity
field had a north-south oriented dipole pattern with the cyclonic and anticyclonic centres
located many hundreds of kilometres from the vortex centre at the surface. In contrast,
on 12 October there were anticyclonic centres far 10 the north and south of the storm,
with cyclonic vorticity to the west and anticyclonic vorticity to the east. These structures
have a significant effect on the structure of the DLM flow asymmetries and introduce
uncertainties in the interpretation of these.

3, Resyurrs

(@) The environmental flow

Despite the limited size of the domain on which ODW data were available, an at-
tempt was made to partition the vorticity asymmetry into a ‘large-scale’ environmental
flow component before carrying out the azimuthal averaging and the subsequent Fourier
analysis. In order to facilitate the comparisons with model calculations, and also because
the domain on which ODW data were obtained appeared to be comparable in scale with
the scale of the cyclone circulation®, we assumed the large-scale flow 1o have a linear
variation locally, both zonally and meridionally, across the vortex. This is equivalent 1o
expressing the environmental flow as a double Taylor-series expansion in x angd v and
truncating quadratic and higher-order terms. There will always be some region over which
this trancation will be accurate, and the size of this region in a particular case will depend
an the degree to which the environment can be considered to be slowly varying on the
radial scale of the vortex. This, in turn, will depend on the proximity of neighbouring flow
features with a comparable or smaller scale to the vortex, itself. Our assumption here is
that the region of tolerable accuracy extends across the analysis domain.

It is important to recognize that no partition between the vortex and its environment
is unique (Kasahara and Platzman 1963) and the method chosen here may not correspond
exactly to that adopted in a numerical model, a pomnt discussed by Reeder ef al, {1992, see
section 3). Because of the non-uniqueness, one cannot determine a priori the accuracy of
the foregoing approximation; rather it must be appraised in terms of the results it yields.

* Gee section 3B
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The potential deficiencies of the approximation are discussed further in subsection (¢}
helow,

We assume that, at least across the analysis domain, the zonal and meridional com-
ponents of the environmental flow, U*(x. v} and V*(x, y), can be expressed as

U%x, v)=Uy + (Do + Egdx + (Fy — Lody {1a)
Vi(x, vy = Vy + (Fo + Godx + (Dy — Egly (1b)

where x and y are rectangular coordinates in the zonal (east) and meridional {north) direc-
tons, and Uy, Vi, Dy, By, Py, and & are constants giving estimates for the environmental
tlow across the vortex centre (Uy, Vi), the large-scale divergence (Dy), the background
vorticity (£,) and the large-scale stretching and shearing deformation (E;, and F,,) respec-
tvely. If i, ; and v, ; denote the observed velocity components at the grid point (x,, v,),
one can obfain a set of Iinear equations for the foregoing constants by minimizing the
function

¢ = Z Z{{l"{?&{.xi? Yi) - ﬁsh;:’z + (Volx, v) — Uf,_;'f]’* (2)

‘o

These equations are obtained by setting 9@ /04 = 0, where A stands for each of the un-
known constants, The summation in (2) was carried out in the largest circular domain
centred on the hurricane centre that could be constructed from the data available to us.
This domain, which differed slightly in radius from day to day, is indicated later in Fig. 2.

The method 1s similar to one recently proposed by Davies—Jones {1993} for computing
kinematic quantities from data at irregularly distributed observation stations. When applied
to an artificial data set with a symmetric vortex imposed on a prescribed linearly varying
shear flow, the method accurately recovers the deformation components Eg and Fy, but
not, of course, {; which is influenced by the presence of the vortex.

The results of the calculations are presented in subsections {(d) and (e) and further
aspects of the method of partitioning are discussed in appendix A, where expressions for
the constants Uy, Vi, Dy, Ey, Fy, and §; are obtained in polar coordinates.

It should be noted that the part of the large-scale flow not involving ¢, is irrotational
s that the partitioning leads to a clear separation between the environmental flow and the
vorticity asymmetries, as well as the flow components associated with the latter.

(b} Symmetric circulation

Figure 1 shows the azimuthally averaged profiles of the 850-500 hPa layer-mean
tangential velocity and relative vorticity at the three analysis times after the constant
vorticity of the environment has been removed. It is evident from both fields that at radii
less than 500 km, the layer-mean symmetric circulation intensified during the period that
the storm was monitored. At larger radii the tangential velocity diminished slightly as the
storm intensified. Note that the radius of maximum wind, about 250 km, is relatively large,
a reflection of the inability of the data to resolve the inner core region of the storm rather
than reality (see Franklin 1991 p. 2734). Especially noteworthy is the fact that, on each
day, the relative vorticity was negative beyond a certain radius r, which ranged between
40U and 450 k. This implies a decay of the mean tangential velocity with radius that is
faster than 1 /r for r > r,. Significantly, estimates for the large-scale vorticity &y, presented
in section {d), are more than an order of magnitude smaller than the vorticity values at
outer radn 1n Fig. 1.

Note that the radius at which the symmetric vorticity changes sign defines a radial
scale for the vortex crreulation. In the present case, this radius corresponds approximately
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Figure 1. Radial profiles of {a) symmetric tangential velocity and {b) relative vorticity on the three anatysis days

1), 11 and 12 October 1984 for the 850300 hPa layer-mean flow. Solid hnes Tor 10 October, short dashed lines

for 11 October, dash-dot lines for 12 October. The thick solid line shows a profile in which the tangential velocity

decays mversely with radius, Panel {¢) shows the symmetric relative-vorticity profiles at selected pressure tevels
{values in bPa indicated on curves) on 10 Oclober.

with the radius to which gale-force winds occur, However, mean tangential wind speeds
exceeding 5 m s~ ! extended to over 800 km from the vortex centre.

Shown also in Fig. 1 are the azimuthally averaged relative-vorticity profiles on differ-
ent isobaric surfaces between 850 hPa and 200 hPa on 10 October. The profiles are broadly
similar between 850 hPa and 500 hPa, but show a gradual decrease in the central maximum
with height. At these levels the radius of zero vorticity is the same. Above 500 hPa the
profiles broaden and weaken, but this may be as much a reflection of the paucity of data
at these heights than of reality. The variation of the symmetric vorticity with height at the
other analysis times was similar,

(¢} Azimuthal wave-number 1 asymmetry

The azimuthal wave-number 1 contribution ¢, to the 850-500 hPa layer-mean relative-
vorticity asymmetry is shown in Fig. 2 at each analysis time, together with the wave-number
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1 contnibution 1o the DLM vorticity. We consider first the 850-500 hPa layer-means. On
10 and 12 Uctober 1984 the wave-number 1 asymmetry was remarkably similar in scale,
structure and strength to that which arises in the prototype problem in the theory of tropical-
cyclone motion (see, for example, Smith ef al. 1990, Fig. 3), the problem that considers the
subsequent motion of an initially symmetric vortex on a beta-plane when there is zero basic
How. However, there were major changes in the orientation of the gyres during the period
over which the storm was monitored. In particular, the axis joining the maxima and minima
of the gyres {the outer gyres on 11 October) retrogressed some 90° between 10 October and
1T Oxctober, but had largely returned to its previous orientation by 12 October. Bearing in
mind the mechanism for the establishment of the gyres in the foregoing prototype problem
(see, for example, Smith and Ulrich 1993, section 3), it is difficult to explain such rapid
changes on the basis of the simple barotropic models. One possibility is that the data gap 1o
the north-west of Josephine on 10 October, caused by a failure of the ODW svstem on one
of the aircrafl, has led to an inaccurate analysis of the asymmetries on this day. However,
it is appropriate 1o consider alternative explanations.

A limitation of the simple theories is the assumption that any changes in the large-
scale vortex environment are slowly varying in time and on the spatial scale of the vortex,
but they do indicate a significant time (on the order of a day) for the vortex to adjust to
a specific environment (see, for example, Smith and Ulrich (1993)). Unfortunately it is
difficult to quantify such changes in the time period of the present observations although
Franklin (1990) notes that the ridge to the north-west of the storm weakened significantly
as a md-latitude short wave edged into the domain by 12 October. What would be required
is 1o determine changes in the absolute-vorticity gradient of the vortex environment, but
this raises ditficulties which we discuss below. Nevertheless, it seems to us implausible
that the changes would be large enough to account for the rapid observed changes in
the wave-number 1 asymmetry. One possibility is thal these changes were a reflection
of baroclinic effects, i.e. a manifestation of vertical shear. As shown in a recent paper
by lones {1995}, the presence of vertical shear acting on an initially symmetric vortex
on an f-plane leads to a wave-number 1 asymmetry in the vorticity field that rotates on
a time-scale of a day. This interpretation would be consistent also with the observation
by Franklin 1990 (p. 2736) that ‘the environmental flow for Hurricane Josephine had
a strong directional shear with low-level easterlies veering nearly 180° by 500 hPa’. It
is difficult to make & proper assessment of this possibility because Jones's calculations
pertain {0 a dry vortex. In reality, the asymmetric patterns of low-level convergence that
arise in these calculations would be expected (o be favoured areas for deep convection,
the development of which would influence the vorticity patterns also. The patterns of
asymmetric convergence and divergence calculated for the 3 days of Josephine show a
considerable day-to-day variability and are difficult to relate to the calculated vorticity
asymmelrics,

Another interpretation of the foregoing results would be that the method of extracting
the “large-scale environment” used here is inappropriate and that the observed asymmetries
are not forced by the interaction between the storm circulation and its environment, hut
that they are integral features of the environment, itself. We investigate this possibility in
subsection (¢) below.

Finally, it might be argued that the barotropic theory applies only to the DLM flow
for which the divergence should be relatively small. In this regard it is interesting to note
that there is nat a major change in the orientation of the DLM wave-number 1 asymmetries
between 10 and 11 October, a fact that would tend to support the hypothesis that baroclinic
etfects were important in determining the structure of the 850-500 hPa layer-mean wave-
number 1 asymmetry. However, there is still a marked retrogression of the asymmetries
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between 11 and 12 October which is difficult to explain on the basis of barotropie the-
ory. Note that the differences between the structures and orientation of the ¥50-500 hPa
layer-mean and the DLM asymmetries are much less on 11 and 12 October, although the
DLM fields are fractionally stronger. Unfortunately, it remains uncertain whether the con-
tributions to the DLM flow can be considered at all realistic for the reasons discussed i
seotion 2.

We show below that the changes in the 850500 hPa layer-mean wave-number 2
asymmetry during the same period of observations were far less dramatic than for wave-
number 1.

Since the foregoing vorticity asymmetries are for a layer mean, it s important (o
enquire about their structure at individual levels. The variation in structure with height
up to a 500 hPa, approximately the layer for which ODW data were available, 18 shown
in Fig. 3 for 10 October 1984, In broad terms there 1s good vertical consistency i both
the gyre structure and strength between 850 and 650 hPa, but the 500 hPa gyre paltern
is notably different in orientation from that at lower levels. Similar results were obtamed
on the other two analysis days. In particular, the retrogression of the gyres between 10
October and 11 October was present at all levels between 850 hPa and 600 hPa, as was the
return in orientation between 11 October and 12 October.

Figure 3 shows also the corresponding gyre structures at 500 hPa and 750 b obtained
using the Pedder analysis scheme. These fields are a little smoother than in the HRD
analyses and the gyre magnitudes are slightly stronger at both levels. Significantly, the
gyre axes are rotated clockwise with respect to their HRD counterparts, by 200 at 750 hPa
and 45 at 500 hPa. Presumably, the large discrepancy at 300 hPa is due to the inclusion
in the HRD analyses of additional data (see section 2},

(Y Azimuthal wave-number 2 asymmetry

Figure 4 shows the 850-500 hPa layer-mean wave-number 2 asymmetry al the three
analysis times. It is noteworthy that the orientation of the asymmetry remained rathey
uniform, but its strength weakened during the 48 h period. Both the scale and strength of
the asvmmetry are similar, the latter within a factor 2-3, to that which occurred in the
calculation by Smith {1991, see Fig. 1) for a tropical-cyclone-scale vortex in @ uniorm
zonal shear flow of magnitude 5ms™' per 1000 km, but the orientation is manifestly
different. It is natural to enguire whether the observed wave-number 2 asymmetry can be
accounted for by the theary which we review brietly below.

In the analytic theory worked out by Smith (1991), it was shown that the principal
contribution to the wave-number 2 asymmetry arises from the presence of large-scale
deformation, and that the orientation of the asymmetry is refated 1o that of the axis of
dilatation of the deformation field. This contribution arises from the differential advection
of symmetric vorticity by the large-scale flow U which produces asymmetric vorticsty al
the rate —U - Vi, where £, denotes the symmetric vortex vorticity. Typically, the largest
contribution 1 this rate of production 13

—r(dg, Jdri(Ey cos M — F,osin 28

where {r, §) denote polar coordinates located at the vortex centre with # = (0 pointing
castwards and E, and F, are as defined in subsection {a)-—see Smith (1991, Eq. 4.14}.

- a . “ . . - -y £ e T NELL e
This expression may be written in terms of the total deformation E' = L L, + F; ) whose
dilatation axis is oriented af an angle A = ftan” ' (Fo/ Eyy measured counterclockwise
fromm east, Le,




Iastiiude

Tastituds

{b) £50 hPa, (¢} 750 hPa and (d) 850 hPa.
756 hPa catculated using the Pedder anal

VORTICITY ASYMMETRIES IN A HURRICANE

tfst] 500 hFw
F
8) e |
e et

#ﬁ_ et
A L

riat} 50 hifta

! :

o I g
: N
] N # "ﬂj;“sﬁw‘-’

# P —

]
! g Wi
.‘-;

!
LI ukly
3
siﬁ 4 ::F
i | tr:""
I ¥4
T i ¥ H
- £
'y F i
] I} W Py
1 .
H Bl AP app e e P v gl Y wd vl b - -M -------
g
- HE &
i K FH
. ek k'
Longituds
cEst} & hPm
3
¥

ffmﬂéwrﬂ_%$ﬁw_mﬂntmﬁnw?t:

H
B
3

Longitide
Figure 3. Wave-pumber | relative-vorticity asynumetrnies on () October 1984 at pressure levels: (a) 300 hPa,

394

A560 hPs

&

sa t
£ % -

K "',._J-":F"-'"

LY

Iatitude

# u_,#-i#‘_h

. *

3 T e g g =

"~ . L
T .
u -

BEL b

fongitude

fines indicate negative values.

Panels (&) and () show the corresponding asymmetries at 300 hPa and
ysis scheme. Contour interval is 5.0 % 107% s77 in alt panels and dashed




40 A, GLATZ and R, K. SMITH

-y
Yy
4
;
[ ]

880 — BOO hPa ¢ist] 85G ~ %00 hPa

! l
i

1

&) | b} |

] - 1
¥ 4
¥ E
H S
E ¥
i E

¥
H f
£ -
i -r-*%""“'\
i e
3 _‘."_‘1 i
¥ Froog
1 i 2

-

1 a
e
{M £
-~
-

4 Y _
M’I’"“--“'-- - bl L L
L

S .
ﬁ ####### dué«wwwmmh!ﬁﬂwci\_uﬂr‘n“ﬁi wwwwwwwwwwwwwwww
n

1 .: .':-"I
1 < "
1 £ T
{:) 1 Do
\ B
F &
£ 1 i
i b A
L .
R L !
gt *
v . 3
{ ‘% t
N F
¥ :
f
- - £ h
i - ﬁ : ;*‘ - Nl
A
¥
o M‘-q_ﬂu-llu-uil-:-d-ﬂ;u wwwwwwwwwwwwwwwwwww ug wwwww ..-:I ........ o
: A
'g M i "‘-.‘. ;J
L) 3
wd : i £ L
:j il ¥
E . N
j 1 e *j H
A ¥
N .. ¥
- g $
' A s P
1 S ' ¥
1 . ¥
(R | '-. ¥
1 l“"". ':a .. i
P o
1 y fel. avF
% .- e, T 1
[ = 2] [P S w::"-r:m‘»n%' i m
i
i . i
] v 4 ke
E » ]
-~ &0 =M

Longiiude
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r(dd, /dry B cos{2(8 — A)).

This corresponds with a wave-number 2 asymmetry in the vorticity tendency directed along
the axis of dilatation of the local deformation. Accordingly the wave-number 2 asymmetry,
{yy Satishies the cguation

Ut T2 3z _! de, /dr E cosi2ig — AY 3
ar 4 R2Lr, f}%ﬁ o= Er{ SV E cost2i ] {3

where §2(r, 1) is the angular velocity at radius r at time 1.

In the case of a zonal shear flow U = ({/{y). 0), £, =0 and F, = —dU /dy, where-
upon & = 45" and il F, is nonzero one obtains the pattern shown schematically by Smith
(1991, Fig. 5(c)). The actual asymmetric vorticity associated with such a pattern s shightly
rotated clockwise because of advection by the symmetric vortex circulation—see, for ex-
ample, Smith {1991, Fig. 6(a)}. In general, of course, the large-scale shear will not be
zonal, and calculations for a more complicated basic state have been carried out by Kraus
ef al. {1995},
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TABLE §. VALUES OF THE CONSTANTS [/ AND Vi IN B, (1) FOR THE THREE

ANALYSIS TIMES, THE FIRST TWO COLUMNS OF Ly AND ¥y (VE THE VALUES

CALCULATED FROM THE TOTAL WIND DATA, THE SECOND TWO COLUMNS ARE
BASED ON WIND DATA WITH THE SYMMETRIE VORTEX REMOVED

Prate Total felds Voriex removed |
Up{ms™")  Vy{ms™) Up{ms™) Vy{ms™')

H Ootober 1984 S 1.5 —2.4 1.6
1 Oetober 1984 i.d 14 1.1 1.5
12 Ocicher 19584 i34} 2.7 0.z 2.5

TABLEZ., AsrorTapBie ! BUTFORTHERELATIVE VORTICITY, {0, ANDDIVERGENCE,

By
Fate Toral felds Vortex removesd
L (871 Dg{s™") G {s) Dy {571

10 Ooober 1984 2.2 % 107% 1.6 = 197° 17w 5 1 h o S
11 October 1984 18 x 107° &9 x 1077 60 x107° 8951077
12 Oetoher 1984 2.7 % 1Y —1.0= 107 1353 <1077 ~1.0x 107"

TARLE 3. AsrorTasLE |, 8UT FOR THE STRETCHING DEFORMATION, Fy, AND
SHEARING DEFORMATIHIN, Fy

Date Total fields Vortex remuoved
Eq(s7') Fy(s™") Eg (571 Fy{s™')

10 October 1984 84 107 32x 1W07% 81 107% 301077
1 October 1984 5.5 % 107%  49% 107% 55 107" 46107
12 October 1984 6.5 = 107% 44 x 107" 67 % 107% 2.7 1077

TABLE 4. As ror Taste |, BUT FOR THE TOTAL DEFGRMATION,

E' AND THY ANGLE A MADE BY THE AXIS OF DILATATION WITH FTHE

X {EASTY AXES. THE LAST COLUMN LISTS THE ORIENTATION OF THE

WAVE-NUMBER 7 ASYMMETRY, 1, THE ANGLES A AND 77 ARE MEA-
SUKED ANTICLOCKWISE FROM EAST IN DEOREES

Date Tinal fields Yaoriex removed
£ sy A E'{s™1y A 7

10 October 1984 9.0 % 107° 11 Bé6x % 1 82
11 October 1084 74~ 1% 21 72«10°% 2 13
12 Oetober 1984 6.5 » 17" 6 AT7Tw I 1 75

In order to relate the observed wave-number 2 patterns to the theory, one must be able
to extract the large deformation across the vortex centre from the data. This is accomplished
by choosing the lingar variation for the large-scale flow given by Eq. (1).

We consider first the observations. The results of the analysis described in subsec-
tion {a) when applied to the gridded data for Hurricane Josephine are summarized in
Tables 1-4. As expected, there are some differences in the estimates for the various con-
stants, depending on whether or not the symmetric vortex 1s removed from the data before




32 ALGLATZ and ROKLSMITH

1506 ,
KA -
L = ~
LR i S e
(R L P
LY - "
B e e
— 1581 JUNNESUNOY OO 0% WOUNE JUOOE AUOOY SVO0F OO0 S A N SN VT S
~ 4050 50303 b 8Kl 1O
2] km |
Figure 5. Wave-number 2 vorticity asymmetry produced by & uniform farge-scale deformation field with the

strenglh and orientation of that observed in Hurricane Josephine on 10 October 1984, scting on the observed

symmetric clrculation on that dave (a) after 24 hours and (b after 48 hours. The contour interval is 5.4 x 1% 5!
and dashed hines indicate negative values.

applying the algorithm. However the total deformation (£’ and the orientation of the
deformation field (A) are almost insensitive to the presence or absence of the symmetric
vortex. The axis of contraction of the deformation field changed relatively little, no more
than 21", during the three days of measurements. This is consistent with the small change
in the orientation of the wave-number 2 asymmetry which is listed in Table 4 also. Fur-
thermore, the asymmetry is rotated clockwise with respect to the axis of contraction of
the deformation hield in line with expectations from the analytic theory. The amount of
rotation is 317 on 10 October and 517 on 11 October, but increases to 76° on 12 October.

It s difficult to compare these directly with model results as the latter vary with time
also. However, itis instructive to enquire what wave-number 2 asymmetries would be pro-
duced by the flow deformation present in Hurricane Josephine's immediate environment
acting on the observed symmetric vorticity profile of the storm on the time-scale of a day
or two. The results of such a calculation using the observed symmetric vorticity profile
and analysed deformation on 10 October are shown in Fig. 5. Features to note are:

» After 24 hours (Fig. 5(a)) the magnitude of the asymmelry is comparable with the
observed magnitude and, like the observed field (Fig. 4(a)), there are two significant radial
maxima. These occur at radii of 330 km and 760 km from the vortex centre. Moreover, the
orientation 1s very similar to that observed and varies only slowly with time. Presumably,
the dropwindsonde data would not be adequate to resolve the narrow radial scale of the
calculated features so that, at best, those observed would appear like a smoothed out version
of those calculated.

» After 48 hours the asymmelry at outer radii has rotated cyclonically by about 2(F and
strengthened a little, while at inner radii the orientation has barely changed. At first sight
this may seem surprising, because the angular velocity of the symmetric circulation at radii
inside 450 km is more than 160° per day compared with 32” per day at 850 km. However,
one must bear i mand that the maximum asymmetric vorticity is not simply advected:
wave-number 2 vorticity is continually being generated in situ because of the deformation-
induced source term on the right-hand side of Eq. (3). Clearly the vorticity field has suffered
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a marked filamentation by the radial shear of the tangential wind, represented by the second
term on the left-hand side of Eq. (3).

« When the deformation rate and vortex profile do not vary with time, the strength of
the asymmetry increases slowly. In contrast, the amplitude of the observed wave-number 2
asymmetry decreased with time. This could be attributable to the decrease in the observed
strength of the deformation rate with time, coupled with the filamentation referred to above
which moves the asymmetry to unresolved scales.

(¢} The partitioning problem

One might question the partitioning we have used and argue that both the observed
wave-number 1 and 2 asymmetries are a reflection of the neighbouring synoptic systems
which included ridges to the north-west and south-east of the storm and the remains of
a frontal trough extending south-west to north-cast of it We shall show that the extent
to which this may be so is related to the extent to which such systems ar¢ intrinsically
baroclinic. To begin with, let us assume that barotropic dynamics are applicable. 1f this
were the case, we would argue that within the observational domain, the analysed patterns
could not survive the strong tangential shear of the symmetric circulation of the hurricane
during the 48-hour observation period, but would suffer major distortion. Moreover, they
would underge appreciable rotation by the storm circulation, The amount of rotation and
distortion that would occur by these processes may be estimated as follows. It the wave-
number 1 vorticity attime 7 =0 18

L == {, (1) cos(f — o) (4)
the distribution at time 7 would satisfy the equation

8%1 : E'Zai

Yy + £2{r, 1} =8 0. (3)
The characteristic surfaces of this equation satisfy 86 /81 = Q(r, 1), and &y is constant
along such surfaces in (r, 6, 1) space. If we approxmmate C2(r. 1) by the linear relationship
Crir. U3 + dS2(r)t, where d§2{r) is the rate-of-change of L2i{r. 1y with respect to ume
during the time interval of interest, then the characteristic surfaces have the form ¥ =
By + 82(ryt + %dﬁ( ryrt, where 8, is the initial value of 8 at radius 7. A similar calculation
would apply to the wave-number 2 asymmetry by solving Eq. (3) with zero right-hand
side.

Figure 6(a) shows the effect that the tangential circulation of Hurricane Josephine
would have after 24 hours if acting alone on the analysed wave-number 1 vorticity asymme-
try on 10 October. The pattern bears little resemblance to that observed (see Fig. 2(bjyand
indicates that a significant counter-clockwise rotation of the asymmetry would be expected,
even at radii beyond 500 km from the storm centre. There is pronounced filamentation of
the asymmetry at smaller radii which would not be resolved by the ODW observations,
even if it occurred in nature, Figure 6(b) shows the analogous calculation starting with the
analysis on 11 October. In this case, the orientation of the asymmetry corresponds well
with that observed, but the observed magnitude is significantly larger. With the assumption
that the motion is barotropic we would be led to infer that the asymmetries are being forced
and that they are certainly not pre-storm environmental debris. Moreover, because they
oceur where the tangential circulation is appreciable, one may surmise that they are linked
to an interaction between the vortex circulation and its immediate environment.

In a simple barotropic model where the environment has a uniform absolute-vorticity
gradient B(cos x, sin x), the principal forcing term on the right-hand side of Eq. (5}
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Figure 5. Hypothetical wave-number 1 refative-vorticity asymmetries of the 850-500 hPa layer-mean flow on

{a} 11 October and () 12 October, calculated on the assumption that the observed asymmetries on 1 {ctober

and 11 Qctober, respectively, are simply advected by the mean tangeatial circulation during the relevant 24-hour

periodd. These two panels should be compared with the observed asymmetries shown in the left panels of Figs. Hh)
and 2{c), respectively,

would be —Bu(r, 1) sin{t — x), where v(r, 1) is the tangential velocity of the symmetric
circulation. Then the solution of this equation would give a leading approximation to the
model beta-gyres. Unfortunately, there appears to be a fundamental difficulty in extracting
an appropriate model-equivalent to the absolute-vorticity gradient from the data. Any
sound procedure devised to do this would need to be applicable to the model-generated
zero-order absolute-vorticity asymmetry in the case of a vortex drifting in an environment
with zero basic flow where B = 8 and x = 0. The pattern of absolute-vorticity gradient
after 48 hours of model time in this case is shown in Fig. 7(a). Note that values are large
tocally compared with the planetary vorticity gradient; moreover, the annular average of
the absolute-vorticity-gradient vector, which in this case can be calculated analyticall ¥, I8
not zero. Indeed, as indicated in Fig. 7(b), this average is sensitive to the particular annulus
chosen, and it differs significantly from the prescribed environmental value (8, 0) in the
model, both in magnitude and direction. It follows that it is not possible to estimate the
degree of the barotropic forcing of the wave-number 1 vorticity asymmetry, as was done
for wave-number 2.

The calculations corresponding to Figs. 6(a) and 6(b}, but for the wave-number 2
asymmetries are shown in Fig. 8. Again, to the extent that these are governed by barotropic
dynamics, they would suffer significant rotation and filamentation as indicated in the fip-
ures (compare Figs. 8(a) and 8(b) with Figs. 4(b) and 4{c), respectively). Thus, unless the
asymmetries are dominated by baroclinic effects (see below), the assumption that the anal-
ysed wave-number 2 patterns are fossil remains of systems in the pre-storm environment
cannot be supported.

(/) Baroclinic effects
It 18 reasonable to expect that an extension of the simple barotropic ideas of vortex
motion to vortex flows which are intrinsically baroclinic can be obtained by an investi-
gation of potential-vorticity structures as opposed to relative-vorticity structures, since in
achiabatic, frictionless motion, it is the Ertel potential vorticity (PV) rather than absolute
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Figure 8. Wave-pumber 2 vorticity symmetry on (a) 11 October and (b} 12 October 1984, calculated on the

assamption that the observed wave-number 2 asymmetry on the previous day is simply rotated and sheared by the

mean tangential circulation during the perind. The contour interval is 5.0 x 107* 577 andd dashed lines indicate
nepative values,

vorticity that is conserved following air parcels (Hoskins er al. 1985). By ‘intrinsically
baroclinic” we mean flows in which the structure of both the vortex and its environment
vary with height. We consider a particular scenario in which relative-vorticity asymmetries
in a baroclinic atmosphere may not suffer rotation and distortion by the tangential circu-
lation of a vortex as described above, at least not to the same degree. If these asymmetries
happen to be associated with PV anomalies concentrated solely at the tropopause, relative
vorticity of one sign or another will be generated locally throughout the troposphere as air
columns moving beneath the anomaly are stretched or shrunk as they seek to remain in
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hydrostatic and gradient-wind balance {see. for example, Hoskins er al. (1985, p. 907,
Agamn the relative-vorticity asymmeitries are locally forced, in this case by the divergent
circulation rather than the honizontal deformation that forces £, in Eq. (3). However, where
there Is no perturbation potential vorticity, differential advection by the tangential shear
has no effect on the PV distribution. In the absence of diabatic or frictional effects, the
relative-vorticity anomalies that oceur are accompanied by changes in static stability so
as to keep the PV constant following air parcels. Accordingly, relative-vorticity anomalies
assoctated with such upper-level PV anomalies will be tied to the upper anomaly. In the
tropical-cyclone context, the evolution and motion of the upper anomaly will be governed
by the flow ficlds near the tropopause which may have Httle to do directly with the vortical
rotion throughout most of the troposphere. However, it may be greatly influenced by the
motion in the outflow layer of the storm which, typically, has an anticyclonic sense of
rotation beyond a certain radius of the storm centre.

A way o determine the extent to which the asymmetries observed in Hurricane
Jasephine were associaled with such anomalies would be 1o compare the pattern of PV
asymmetry with that of relative vorticity. The former will be wound up by the tangential
shear while the latter may not be. We have made an attempt 1o do this using the data
avatlable below 300 hPa in Hurricane Josephine,

Figure 9 compares the total 850-50( hPa layer-mean relative-vorticity asymmetry
with the corresponding PV asymmetry, The latier was obtained as follows, First the tem-
perature data from the ODWs were analysed using the Pedder objective-analysis scheme
(HRLD did not carry out an objective analysis of these data) and the pressure distribution,
p.on selected isentropic surfaces (9 = 3053 K-325 K in steps of 5 K) was determined.
The refative-vorticity data were then interpolated to these surfaces and the PV calculated

using the formula PV = —g(f + £1/(88/4p). The background PV on each surface was
obtained from the equation PV = — ¢ f/{38 /ip). where an overbar denotes a zonal mean,

and then the PV anomaly, defined as PV = PV — PV, was calculated. This anomaly was
averaged over the 305-325 K sentropic layer and the result divided by the volume mean
of —ga8/dp 1o give the layer average of PV in units of vorticity, Finally, a symmetric
mean of the anomaly was removed 1o give the fields shown in Fig. 9. While there are
some differences in detail between the PV asymmetry and the relative-vorticily asymmie-
try, the larger-scale features are mostly similar, espectally in the outer part of the vortex,
The conclusion of this section is that the relative-vorticity anomalies in the 850500 hPa
layer-mean are assoclated with PV anomalies in that laver and therefore should be subject
o rotation and tilamentation by the symmetric circulation. They are not merely a result of
PY anomalies concentrated above the 300 hPa level, for example, anomahies concentrated
near the ropopause.

(Y Vortex motion

[n the simple-barotropic-model calculations referred to in section 1, the wave-number |
flow asymmetry across the vortex centre characterizes the drift of the vortex relative 1o
the large-scale flow across its centre, L.e. the motion vectar Is closely approximated by the
vector sum of the large-scale flow at the vortex centre, Uy, and the flow at that point, U,,
associated with the wave-number 1 component of the vorticity asymmetry—see, for
example, Ulrich and Smith (1991) and Kraus er ol (1995 It is of interest, therefore,
o examine whether these simple-model results are applicable to Hurricane Josephine. We
consider two possible ways to estimate the asymmetric flow component across the vortex
centre. The most direct method would appear to be to carry out an azimuthal analysis
of one of the layer-mean velocity fields as outlined in appendix B. An allernative would
be o mvert the azimuthal wave-number 1 component of the layver-mean relative-vorticity
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Figure 9. Total asymmetry of the relative vorticity aversged over the 350-500 hPa layer {lefi panels) com-

pared with the potential-vortivity asymmelry {right panels) averaged over the layer between the 33 K and 325 K

isentropic-surfaces {these two averaging layers approximately coincide) flow at the three analysis times: {a} 10

October, (b1 11 October, and (¢ 12 October 1984, Contour interval is 2.5 « W% 577 and dashed lines indicate

negative values; 1o facilitate a companson of the different fields, the PV values have been converted to vorticity
units as explained in the fext,
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field (i.e. to solve the Poisson equation VW, = ¢, subject to suitable boundary condi-
tions on the stream function, ¥, associated with this asymmetry). According to the above
discussion, it would seem to be appropriate to subtract from these fields the large-scale
environment, before carrying out the analysis, in order to compare the results with theory.
However, we shall argue that this is unnecessary because, in the direct method, the flow
at the vortex centre 15 simply the value at that point obtained from the original ebjective
analysis (see appendix B). If the environmental valuewwere removed, it would have to be
added again after the analysis to obtain the total flow at the vortex centre,

Figure 10 shows the total wave-number 1 asymmetry for the 850-500 hPa layer-
mean flow at the three analysis times, together with the corresponding asymmetries with
the environmental flow removed. What is striking in these fields is that the flow near the
vortex centre is relatively uniform, especially considering the paucity of ODW data near the
vortex centre. This uniformity is presumably because of the inherent smoothing introduced
at an carlier stage by the objective-analysis scheme. It is interesting to note also that the
large-scale environment as we have defined it accounts for much of the asymmetric flow
within a few hundred kilometres of the vortex centre, except in the immediate vicinity of
the storm centre on 12 Qctober.

With the above considerations, we would argue that, in as much as the barotropic
theory of vortex motion is valid for either of the layer means oblained for Hurricane
Josephine, the flow across the vortex centre in the wave-number | component of the total
How (Fig. 10, left panels) should characterize the steering flow for the storm. The extent to
which this is the case is indicated in Table 5§ which compares the magnitude and orientation
of this flow component, |U,| and ¢,, calculated for both the 850500 hPa layer-mean and
DILM flows with the observed translation speed and direction of the hurricane, U, |, and
$ors. The calculated velocities are based on an average over a region within 200 km of the
hurricane centre®. The agreement is not especially good for either layer mean and we can
only conclude that, at least as far as the wave-number | asymmetries are concemned, the
barotropic theory is either inapplicable or inaccurate in the case of Hurricane Josephine.
The discrepancies between the observed storm speed and the value calculated gives a
measure of the initial speed error which would arise in using a particular analysis to
initialize a barotropic forecast model.

We have not pursued the alternative method for determining the asymmetric flow,
partly because of the uncertainties in prescribing suitable boundary conditions on ¥,

TABLE 5. 5perD (Ui, AND DIRECTION . OF THE STORM-MOTION
YECTOR ONTHE THREE OBSERVATION DBAYS COMPARED WITH THE ESTIMATED
CONTRIBUTIONS THERETC, [T AND @, FROM THE TOTAL ASYMMETRIC FLOW
OF THE 833500 hP2 LAYER-MEAN FLOW ANED THE BEEP-LAYER MEAN FLOW,
THE ANGLES @, AND ) ARE MEASURED CLOUKWISE FROM NORTH AND IN-
BICATE THE DIRECTION FROM WHICH THE STORM/WIND MOVES/BLOWS.

Date B3G50 hPa  Deep-layver mean Uibserved
10 October 1984 U = 31 =25 Ul == 2.2
@y = 123 gy == 135 Wets = 158
[1 October 1984 Hii= 1.3 U= 2.9 Haw =34
i == 186 o= 142 e
12 Qeioher 1984 = 3.4 i, i=m 4.5 Hlp = 3.8
g == 157 Wy == 1R Wb, == 1RT

" 1t turns out that there is little difference between the average value and the corresponding centre vadue in each
Case.
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Also, because the flow of either layer mean is not exactly nondivergent, one would need to
introduce a velocity potential as well as the stream function to represent the total velocity,
Nevertheless, in this case also, the removal of the environment before the azimuthal analysis
would simply change the boundary conditions and, since the boundary-value problem is
linear, the total asymmetric flow across the vortex centre would be the same as for an
inversion of the total vorticity field (recall that the environment as defined in subsection fa)
has uniform vorticity).

4, PHSCUSSION ANDI CONCLUSIONS

We have used one of the most comprehensive data sets so far obtained to study
the structure and evolution of the outer circulation of an individual hurricane, ie. the
circulation beyond a radius of about 300 km from the centre. In particular we have songht
to investigate the evolution of the asymmetries in both the 850-500 hPa layer-mean and the
deep-layer mean vorticity fields and to determine the extent to which these asymmetries
can be related to the layer-mean horizontal structure of the large-scale environment and to
the storm motion on the basis of simple barotropic theories. The study complements that
of Franklin (1990),

Hurricane Josephine intensified during three days over which the storm was moni-
tored, but signiticant changes in the symmetric circulation were apparent only to about
300 km from the storm centre. Atradii, larger than this, the circulation actually diminished
shightly. At all radii, and on all three days, the decay of the mean tangential velocity was
apprectably faster than the inverse of the radius, consistent with the relative vorticity being
negative beyond a radius of between 400 and 430 km from the centre. The estimate for
the vorticity of the large-scale environment obtained from the analysis described in sec-
tion 3(c} 15 small and positive during the period of observation (see Table 2), Interestingly,
the maximum value (6.0 x 107% s71) is much smaller than values at outer radii in the
vorticity profiles in Fig. I which are on the order of 1075 71,

The structure and strength of the wave-number 1 vorticity asymmetries on 10 and 12
October 1984 are remarkably similar to those which occur in simple barotropic models, but
the major change in orientation and strength of the observed asymmetry over the three-day
period 1s difficult to interpret in the light of barotropic theory. This change might be a
result of the vertical shear of the storm environment.

The wave-number 2 asymmetry is a prominent feature of the total vortex asymmetry
on 10 October 1984, but it weakened during the period of observation, a feature noted by
Franklin (1990, p. 2741). Its orientation varied little during this period and is consistent
with it being related to that of the large-scale deformation ficld. Moreover, the strength of
this asymmetry is a monotonic function of that of the deformation field as theory would
indicate,

It 15 difficult to draw firm conclusions from this single case study, and more analyses
of data from individual storms are clearly called for. Nevertheless, our analysis provides a
framework for further studies when suitable data sets become available, indeed, it demon-
strates the need to obfain multiple realizations of the storm structure 1o enable the evolution
of the vortex asymmetries to be investigated.

Ot course, one must recognize that baroclinic effects may be particularly important
in some cases and we should point out that Hurricane Josephine was notable for the
baroclinic nature of its environment (Franklin 1990, p. 2740). At the present time, the
baroclinic theory of tropical-cyclone motion is less well advanced than the barotropic
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theory, and a comprehensive investigation of baroclinic effects is beyond the scope of this
paper.

The study highlights the urgent need to obtain wind and temperature data in the upper
troposphere with a resolution adequate to determine the potential-vorticity distribution in
that region, a requirement that presents a challenge to the development of new measurement
platforms.
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APPEMDIX A
Mare on the large-scale environment

Let (£7F, U]} denote the large-scale environmental flow defined in subsection 3(a)
and {U,, U;) the observed wind field, respectively, expressed in polar coordinates centred
on the vortex. It follows readily that

U= Uy + LrDy + tr(Ey cos 26 + Fy sin 26)
: ’ (A1)

o == Usn + 3rgo + 3r(Fysin 26 — Fy cos 260)

where U,y = cos & + Vysmé&,and Uy = — Uy sin -+ Vycos 6, Let { § denote the aver-
age over a cylindrical domain of radius R, i.e. () = (1/m R?) J" dé [ ¢r dr and define

A= (U, = U+ (U — U

The best fit of {A.1) 10 the data is obtained when 6 A /X = 0, where A denotes any one of
the constants Uy, U, Dy, &y, Eg, Fy. 1t tollows readily from the six equations obtained
in this way that

Urfi RS ({}r}a ’{fﬁ‘{} — ‘:Uﬁf}
Dy = (4/R*)rU,), Go = (4/ R*)(rUs)
Ey= {4/ R r(U, cos 28 — Uy sin 20Y), Fy = (4/R*{r (U, sin 26 — U, cos 261).

The first two of these relations show that the large-scale flow at the vortex cenire 18
just the mean of the total flow in a circular region surrounding this centre. The large-
scale vorticity and divergence contribute symmetric components 1o {/,4, and Uy, and
therefore azimuthal wave-number 1 components to the Cartesian velocity components,
U and V*. The large-scale deformation field characterized by the terms involving E; and
Fy corresponds with a wave-number 1 asymmetry of U/ and V7 also, but it appears as a
wave-number 2 component of U, and U, Because it 1s irrotational, it does not project onto
the flow components associated with the wave-number 2 vorticity asymmetries described
mn subsections 3{c) and {d).
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ArpEnDIX H

Azimuthal analysis of the total wind field

The radial and tangential wind components, U, and U, can be represented by Fourier
series with the form:

Udr, ) =ag + Y7 {a,(rycosnd -+ b, (r)sin nf)
Uglr, 8) = co -+ 3_- (e (ricos nd + d,(r) sin nd)

E i ot

where a; and ¢, are constants equal to the centre values of U, and Uy, respectively, and

forn =1, 2
{tt,, Cot =2 (L7, U,y cos nid d6

{)

and .
(b, d,} = Ef (U, , Uy sin n#d 48,

i}
This analysis described in subsection 3(g) was carried out using 2 standard fast-Fourier
transtorm package after the velocity data had been interpolated on to a suitable system of
polar coordinates centred on the vortex centre,
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