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ABSTRACT

Some results are presented from the completed first stage of a
collaborative Colorado State University/Australian Bureaun of Meteorology
project to investigate various aspects of tropical cyclones in the
Australian/southwest Pacific region. We begin with a brief description
of the major environmental and geographical features of this region,
together with an overview of previous research work. We then discuss
the distinguishing climatological and structural features of tropical
storms, hurricanes and major hurricanes throughout the region, and
highlight the effects of the prevailing flow patterns and the Australian
continent. Finally, we present a theoretical and observational
examination of the mechanisms leading to development, intemsification

and motion of these cyclones.
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I. INTRODUCTION

Between the landmark 1956 Brisbane Tropical Cyclone Symposium
(Burean of Meteorology, 1956) and the mid 1970's considerable effort was
devoted to examining and documenting various features of tropical
cyclones in the Australian/southwest Pacific region. As we briefly
outline in section 1.3, diverse characteristics ranging from storm surge
to rainfall observations, and from small severe hurricanes to vortex
pairs across the equator were described by a number of authors., In
addition the Australian Bureau of Meteorology has published annual case
history summaries after 1962, together with occasional more extemnsive
and detailed investigations into tropical cyclones which had a severe
impact on coastal communities.

Despite such efforts, our knowledge of the important features of,
and processes in these cyclones has remained quite patchy. This has
largely been due to lack of adequate data in the cyclone vicinity. In
all cases, chance observations have provided tantalizing glimpses of
different characteristics but insufficient data were available for an
adequate description of the entire cyclone. The deficiemncy is
especially evident in the Australian Tropical Cyclone Forecasting Manual
(Bureau of Meteorology, 1978) in which we had to adapt Northern
Hemispheric results to a Southern Hemisphere perspective on the
assumption that the basic characteristics were similax,

We have, however, seen substantial progress since 1978: the

Australian Bureau of Meteorology has placed a high priority on tropical



cyclone research and encouraged collaboration with external
institutions; and the data coverage and usage has improved with the
development of rawinsonde compositing techniques, the use of recorded
radar data, instrumented tower boundary layer data, the Japanese
Geostationary Meteorological Satellite (GMS), and the first
reconnaissance by an instrumental research aircraft (Sheets and Holland,
1981).

In this paper we present the results to date from one component of
this increased activity; that is, an examination of the general features
of tropical cyclones in the Australian/southwest Pacific region, their
climatology, structure, emnergetics, envirommental interactions and
diurnal modulation. This is a collaborative project between Colorado
State University and the Australian Bureau of Meteorology and has
involved the collation of all available tropical cyclone and synoptic
data in the Australian/southwest Pacific region, together with the
adaption of Professor Gray's compositing methodology to a Southern
Hemisphere perspective. These data collations and new compositing
procedures are described in Chapters 2 and 3; in Chapters 4 and 5 we
discuss the climatology, structure and energetics of tropical storms and
hurricanes; in Chapter 6 we attempt to isolate the major intensification
mechanisms, and relate these to the development of the major hurricane;
and in Chapter 7 we discuss the physics of tropical cyclone motion.

Before proceeding, however, we shall first introduce some basic
concepts and definitions, describe the regional geography and
meteorology, and give a brief background on previous research work. A
full list of symbols and acronyms is provided in appendix 1 and a

summary of all composite stratifications is in appendix 2.



1.1 Definitions and Terminology

Following Lourensz (1977, 1981), Kerr (1976) and Revelle (1981),
the Australian/southwest Pacific region is defined as that area from
95°E t0150°W and the equator to 30°S. This region, which is shown in
Fig. 1.1, extends from the western edge of Lourensz’ data set to the
eastern extremity of tropical cyclome occurrence in the South Pacific
Ocean. Three subsets of this large region will also be used. These
are: the Australian region, which encompasses the Australian and Papua
New Guinea areas of tropical cyclone warning responsibility, from 105 to
165°E; the southwest Pacific region, which extends east of 145°E; and
the north/west Australian region which extends west of 145°E.

After Bureau of Meteorology (1978), the following terminology is
adopted:

Tropical Disturbance (TD): a synoptic scale weather system of

tropical origin which may or may not be detectable as a wind field
perturbation.

Monsoonal Trough (MT): the trough of low pressure into which the

monsoons converge.

Monsoonal Depression (MD): a cyclone on the monsoon trough.

Tropical Cyclone (TC): a non—-frontal synoptic scale, cyclonic
rotational low pressure system of tropical origin, in which 10 minute
mean winds of at least 17 m s_l occur, the belt of maximum winds being
in the vicinity of the system’s center. In the absence of wind data, a

central pressure of less than 995 mb is used.



g |

s,' >
l

|os d.( S, 5 20 125 Amso 35 40 45 50 88 160 ie8 170 (75 8D 173 47 165 G0 IS5 Is0 s
\s‘b MARITIMECONT!NENI’ . . e o 4 e
\‘”bo:u - Bomeoj{ f A by 0@1\7/\ o N :

N ismor|
&1 save sm Celebese . ﬁ\ g""’ 0. ‘3@ @%,,, -5 .
‘\-“ Hores oen 2 \%’l/s/o /z‘_,' .
W ihb [E) . Q@ : 0, " -, Tokelau .
Yo W +Arcfuro Sea ;> N g\u?gs, o L%, TN . . P
“imor Seq‘%s*x.\ {\\C York - N Northern Cook Islonds .
n faGuif of, . . .
. v ~Darwk ué?"m Corol Sea 'SN' bt: 4 . . .Somoo.”
ew S4 .
IoNcDElﬁm "/'°o Hebrides - &R "
+ ; " Townsvnlle oo, N -« Islands . Southern 5 .. | Society lsiands
. P . . % I FURTIIN FA
~ort Hediand \ ' 7 Cook Islands .
NWH oy o8 %, : .. Austral
Cap N %,. . SOUTHWEST - S ands
. 5. % - PACIFIC . - . . . .

" AusTRAUA OCEAN
. ' : Kermadec islands

S

New Zeolond

s L N A R .
100 108 Ho 135 140 5 150 155 160 165 170 (141 (-1} (ks 70 165 180 135 i30 (2 140

Fig. 1.1. The Australian/southwest Pacific region showing major
geographical features.

Tropical Storm (TS): a tropical cyclone in which the maximum wind

-1

speeds are in the range 17-33 m s ~, or the central pressure lies

between 995 and 980 mb.

Hurricane or Typhoon: a tropical cyclone in which the maximum wind

-1

speeds exceed 33 m s =, or the central pressure is less than 980 mb.

Major Hurricane: a tropical cyclone in which the maximum wind

-1

speeds exceed 45 m s ~, or the central pressure falls below 960 mb.
This corresponds to class 4,5 hurricanes on the Saffir-Simpson code
(Simpson, 1974) and to the major hurricane classification in Revelle
(1981).

Core Region: the region within 200 km of the cyclone center.

Inner Circulation: the region within 300 km of the cyclone center.

Outer Circulation: the region 300-800 km from the cyclone center.

Following the suggestion by Gray (personal communication 1982) and
Merrill (1982), we separated tropical cyclone ''intensity’’ into three
modes: inner core intensity (which we shall simply refer to as

intensity), strength and size. These are illustrated in Fig. 1.2 as



changes from an initial profile. Intensity is defined by the maximum
wind, or by the central pressure if no maximum wind data are available.
Strength is defined by the average relative angular momentum of the low
level innmer circulation. Size is defined by the axisymmetric extent of
gale force winds, or by the outer closed isobar.

This is a physically and energetically consistent separation.
Merrill (1982) has shown that there is a poor correlation between
intensity and size, and our experience is that intensity and strength
are also only weakly correlated. However, as we shall discuss in
Chapter 6, strength changes are almost certainly associated with, and
follow, size changes. Energeticallf, intensity change is usually, if
not always, associated with an inward contraction of the radius of
maximum winds and a quasi-conservation of angular momentum as the
inflowing air penetrates closer to the cyclone axis. However, because
of the small radius, even very large intensity changes are oanly
associated with relatively small angular momentum changes on the entire
storm scale. This angular momentum can be easily provided by a slight
rearrangement of the inner circulation without any import from the
environment., By comparison, strength and size changes (or the
maintenance of a strong or large system against surface frictionm)
require substantial angular momentum imports.

Ve believe that many previous studies of the envirommental
influences on tropical cyclone intensity have been, in reality,
examining strength changes. The distinction between tropical cyclone
intensity, strength and size is also especially important in the
Australian/southwest Pacific region. As we shall show in later

chapters, tropical cyclones in this region are in the mean larger and



stronger than those in the northwest Pacific or north Atlantic regions.

They are, however, no more intense.

The terms origin, maximum intensitv, and decay also have special

meanings. Origin and decay are used to describe the first and last

points on a cyclone track as defined by Lourensz (1981), Kerr (1976) or

Revelle (1981) with the following exceptions: 1) a cyclone which moves

polewards of 30°S, or over land, is considered to have decayed; 2)
should a cyclone move over land, decay to a monsoonal depression, then
move back over water and reintensify, it is given a mnew origin point at
the coast. Cyclones poleward of 30°S are removed to prevent
contamination of the data by extratropical systems, a policy which is

consistent with that adopted by Lourensz (1981). The new land to sea

'origins’' correspond to the regeneration points defined by McBride and
Keenan (1982). Maximum intensity is that achieved by the cyclone

throughout its entire lifetime as a distinct system (i.e., regardless of

movement over land).
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Fig. 1.2. A schematic of the effects of intensity, strength and size
change on the radial profile of azimuthal winds in a tropical

cyclone,



Following Holland (1981) we also place tropical cyclome tracks into

five categories: westward, southward and eastward moving, recurving and

erratic. The first three describe cyclones which move continuously
towards the west to southwest, southwest to southeast, and southeast to
east throughout their lifetime, with no major track perturbatioms. To
be classified as recurving a cyclone must have moved steadily to the
west or southwest for at least two days, recurved in an anticlockwise
manner then moved steadily east to southeast for another two days (or
crossed the coast). All cyclones which do not fit the above

classification are placed in the erratic category.

1.2 Regional Geography and Meteorology

The Australian/southwest Pacific region has several geographical
and meteorological peculiarities which not only distinguish it from the
well documented North Atlantic and northwest Pacific basins, but, as we
shall presently see, produce cyclones with quite different structures
and physical characteristics. We shall highlight some of these
peculiarities in the following paragraphs. However, the discussion is
kept to a brief and introductory nature; interested readers might
consult Bureau of Meteorology (1978), Sadler (1975), Atkinson (1971),
Ramage (1970), Newell et al., (1972), or Gray (1968, 1979) for further
information on some of the fascinating meteorological details of this
region.

The broad geographical features of the region may be seen in Fig.
1.1. 1In the northwest, the long, high Indonesian island chain stretches

from Sumatra to the Arafura Sea. This zonally orientated barrier

averages over 1000 m in height, with peaks exceeding 3000 m, and



separates the Indian Ocean from the ’'msritime continent’ (Ramage, 1968).
On the northeastern side of the Arafurz Sea rises the New Guinea massif,
a formidable orographic barrier with average heights around 3000 m and
peaks exceeding 5000 m. Further polewerds, but right in the center of
the tropical cyclone activity, lies the arid Australian continent. Much
of the western and northern Australian regions are orographically
featureless and semi-desert. A wide contimnental shelf is found off the
northwest coast and in the northeast lies the warm, shallow Gulf of
Carpentaria. The major orographic feature is found along the east
coast. This mountain chain, the Great Divide, is typically 1-2000 m in
height and rises sharply from a generally narrow coastal plain,

In a counterpoint to these large orographic and continental
features, the southwest Pacific region consists of a myriad of coral
cays and tropical islands, many of which are of volcanic origin.

The Australian/southwest Pacific tropical cyclone season typically
begins in October or November and ends in May through June (Bureaun of
Meteorology, 1978; Revelle, 1981). The major meteorological features of
the region during this season, as shown in Figs. 1.3, 1.4 amnd 1.5,
include the monsoonal regime over northern Australia, the orographic
controls on convective activity, and the sounthwest Pacific cloud band
and associated zonal Walker circulation along the equatorial Pacific.

The advance and retreat of the monsoonal westerlies over the
Indonesian and northern Australian area are clearly seen in Fig. 1.3.

In October, trade wind easterlies extend from the subtropical ridge over
southern Australia and across the equator (thovugh a substantial heat

trough has developed over western Australia). By January a monsoonal
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Fig. 1.3. Mean gradient level streamlimne/isotach for October,
January, and April (after Atkinson, 1971).




190

Fig. 1.3. Continued.

trough has developed in the Southern Hemisphere and advanced down over
northern Australia and eastwards to the New Hebrides. This trough
reaches its maximum southward extemnt in February then begins to retreat,
as may be seen in the April analysis of Fig. 1.3. Of course, these are
only mean movements; on occasions the monsoonal trough may extend over
southern Australia or out into the central South Pacific.

The upper level flow features also evolve in association with the
complete monsoonal circulatiion. As may be seen in Fig. 1.4, between
October and January tke subtropical ridge moves southward over northern
Australia, breaks into two cells, and develops a distinect cross—
equatorial flow into the Northern Hemisphere (the return branch of the
monsoon}. The subtropical ridge then moves back to the north between
January and April and the cross—equatorial flow weakens. Note, however,
that the ridge remains quasi-stationary over the soutbwest Pacific and
westerly winds extend to quite low latitudes there, even in January. We

shall presently see that this feature, together with the monsoonal
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Fig. 1.4. Continued.
climate over northern Australia, has a distinct effect on tropical
cyclones across the region.

Associated with, and providing the connection between these upper
and lower features are the regions of deep tropical convection, whose
general distribution may be seen in Fig. 1.5. (To be pedantic, Fig. 1.5
is comprised more of extensive stratiform clouds. But such stratiform
clouds are generally preceded, or maintained by deep convective
activity.) Comparing Fig. 1.5 with Fig. 1.3 we see that the cloud
maximmm lies along the tropical convergence zone on the equatorward side
of the monsoonal trough. There is, in addition, a distinct orographic
association, particularly over the maritime continent (see e.g., Holland
and Keenan, 1980) and around New Guinea. A distinctive cloud band may

also be seen extending southeast from New Guinea. This is the ’'South
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Pacific cloud band’' (Streten, 1970), which lies along the intersection
of the mean Hadley circulation over eastern Australia and the zonal
Walker circulation (Bjerknes, 1966) along the equatorial Pacific.

The final meteorological feature in this brief description is the
mean sea surface temperature fields in Fig. 1.6. An east Australian
current brings warm water over the southern Coral Sea and a cool west
Australian current, combined with upwelling slightly cools the waters
off southwest Australia. But note the warm pool off the northwest
coast. Wyrtki (quoted in Ramage, 1971) suggested that upwelling water
in this region is replaced by warmer subsurface water drifting polewards
over the continental shelf and around northwest Cape. Thus, we have a
unique situation in that the waters off parts of the west coast are

warmer than those off the east coast at the same latitude.
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1.3 Overview of Previous Research

The earliest known reports on tropical cyclones in the
Australian/soutbhwest Pacific region may be found in Reid (1838), Dobson
(1853), Piddington (1855), and Fitz Roy (1863), and the first complete
climatology in Visher (1925) and Visher and Hodge (1925). Since that
time climatological information on various tropical cyclome aspects has
been included in H.M. Hydrographic Department (1938), Meteorologisch
Institout (1949), Giovanelli (1952), Hutchings (1953), Brunt and Hogan
(1956), Gabites (1956), Giovanelli and Robert (1964), Gray (1968, 1975),
Brunt (1969), Ramage (1970), Atkinson (1971), Gentilli (1971), Crutcher
and Quale (1974), Crutcher and Hoxit (1974), Oliver (1974), Dobson and
Stewart (1974), Chong et al. (1980), Dexter (1981), and Holland and Pan
(1981). Seasonal summaries of tropical cyclomes in the Australian
region have also been compiled by the Australian Bureau of Meteorology
since 1962.

The most recent, comprehensive climatological information on
tropical cyclones may be found in Bureaun of Meteorology (1978), Holland
(1981), Lourensz (1981), and McBride and Keenan (1981) for the
Australian region, and in Kerr (1976) and Revelle (1981) for the
southwest Pacific region. Lourensz (1981) is an update of earlier
publications by Coleman (1972) and Lourensz (1977) {from which much of
our data are derived). He presents track and maximum intensity
information on all cyclones in the Australian region from 1509-1980,
together with some statistics on, among other things, occurrence, motion
and coastal crossings. Kerr (1976) and Revelle (1981) contain similar

information for cyclones in the southwest Pacific region for the periods

1939-1969 (Kerr) and 1969-1979 (Revelle), and Revelle provides further
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statistics on gale, storm, hurricane and major hurricane classes.
Bureau of Meteorology (1978, Chapter 4] present a wide range of
statistics on Australian region tropical cyclones from the periods
1909-1975 and 194%-1975; they discuss the data problems before 1949 and
examine some relations between tropical cyclones and the general
meteorological features of the region. A further analysis of the
quality of the Australian cyclone data is contained in Holland (1981);
in that paper we examined the period 1909-1979 and concluded that only
since 1959 are the data of research gquality. McBride and Keenan (1982)
also extend the analysis in Bureau of Meteorology (1978) to present a
detailed climatology of the modes of cyclogenesis in the Australian
region and their relation to envirommental parameters.

Since the Brisbane Tropical Cyclone Symposium (Bureaun of
Meteorology, 1956) a number of authors have also examined various
aspects of tropical cyclones in the Australian/southwest Pacific region,
including structure, storm surge, rainfall, motion mechanisms and
unusual or interesting phenomena. A number of structural features have
been examined by Bond and Rainbird (1956), Whittingham (1960, 1964),
Whittingham and Swan (1960), Falls (1970), Neal and Wilkie (1970),
Barclay (1972), Gomes and Vickery (1976), Holland (1980), Sheets and
Holland (1981), and McBride and Keenan (1982). Cyclone genesis and
intensification mechanisms have been documented by Gibbs (1955, 1956),
McRae (1956), Southern and Scott (1976), McBride and Keenan (1982), and
Love (1982), while some motion relationships are described in Lajoie and
Nicholls (1974), Lajoie (1976a,b, 1977) and Holland and Pan (1981).
Case studied of specific cyclones may be found in Bath (1957).

Whittingham (1963, 1964), Whittingham and Aubrey (1967), Director of



17

Meteorology (1970, 1972, 1977, 1979), Wilkie and Gourlay (1971), a
report by staff members of the Australian Bureau of Meteorology (1975),
Lajoie (1981), Sheets and Holland (1981), Love (1982), Holland and Black
(1983) and Black et al. (1983). Extensive information on cyclone
rainfall is contained in Brunt (1958a, b, 1966, 1968), Wilkie (1960),
and Milton (1978), and on storm surge in papers by Mackey and
Whittingham (1956), Whittingham (1958, 1959), James Cook University of
Northern Queensland (1972), Dexter and Watson (1975) and Spillane and
Dexter (1976). Specific; unusual features of, or results from tropical
cyclones in the region may be found in Pisharoti and Kulkarni (1956),
Neumann and Upton (1958), Leigh (1969), Gourlay (1970), Maragos et al.
(1973), Holland (1978), and Holland et al. (1983) and general surveys of
tropical cyclome socioeconomic effects are given by Oliver (1974) and
Southern (1981).

For a more comprehensive survey of the results of these research

efforts, the reader is referred to the Australian Tropical Cyclone

Forecasting Manual (Bureau of Meteorology, 1978).



2. DATA

2.1 Tropical Cyclone Data

Even though tropical cyclone data are readily available back to the
1909 in the Australian region and to 1939 in the southwest Pacific, much
of the earlier data are of intermittent quality. Hemnce, following our
recommendation in Holland (1981), we chose the period 1958-1979 as
containing the optimum length of research quality data. Cyclone data
for this period were then obtained from four sources: 1) a magnetic
tape, prepared by R. Lourensz of the Australian Bureau of Meteorology,
containing Australian region track data corresponding to that in
Lourensz (1977); 2) hard copy of post analyzed Australian region track
data from 1975-1979 (Lourensz, private communication 1980; Neal, private
communication, 1980); 3) Kerr (1976), which contained tracks for
southwest Pacific cyclones up to 1969; and hard copy tracks provided by
C. Revelle of the New Zealand Meteorological Service and which were used
in preparing Revelle (1981).

The Australian sources provided positions, central pressures and
flags to indicate coastal crossings, over—-water or over-land
trajectories, and times of minimum central pressures. Revelle provided
positions together with estimated times of transition tc and from
tropical depression, tropical storm, and hurricane. With few
exceptions, only position data and a rough separation of hurricanes and

tropical storms could be obtained from Kerr (1976).
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These data were then melded into a common format and linearly
interpolated, where necessary, to the standard synoptic times of 05, 11,
17, 23 GMI. On occasions when tracks from two sources overlapped, the
Australian data were used because of their greater detail. Any extra
New Zealand data were then smoothly fitted to the ends of the Australian
tracks. Cyclone velocities were calculated using centered differences,
or one sided differences at the track extremities. Following the
Australian convention, flags were set to demote coastal crossings,
over—water or over—-land trajectories, interpolated data, times of
minimum central pressure, and to delineate Australian and New Zealand
data.

After a careful examination of the whole data set, a few atypical
systems were deleted; these atypical systems included a couple of short
lived tropical depressions which never intensified below 1000 mb,
extremely short lived systems on the coast or at the western edge of the
Australian region, and a couple of high latitude, late season, and
seemingly extratropical systems., In a post—examination of the completed
data set we also noted that Hurricane Kerry (1979) and Hurricane Hazel
(1979) were inadvertantly omitted and the last couple of days of track
were left off two cyclones in the southwest Pacific., The final data set
then contained 363 cyclones of which 140 were estimated to have reached
hurricane intensity. The spatial and temporal distributions of these
cyclones will be presented in Chapters 4, 5 and 6.

Because of the lack of regular aircraft reconnaissance these
Australian/southwest Pacific cyclone data are not of comparable quality
to those from the northwest Pacific or Atlantic regioms. It is also

difficult to provide an objective estimate of the underlying cyclone
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intensity and positioning errors. In Folland (1981) we examined the
basic observing systems over the Austrzlian region, incorporated the
known radar, satellite etc. errors from other regions, and used some
simple tests to arrive at a best guess at these errors. To summarize,
our estimates were that: cyclones within 500 km of the Australian coast
are accurately located to within 20-50 km; cyclone positions more than
500 km from the coast are generally in error by 50-100 km and
occasionally moreso; maximum wind estimates have virtuvally no skill; and
central pressure estimates are generally quite poor and may be biased on
the weaker side by about 10 mb in the Coral Sea region. These results
are consistent with comparisons of ''best track’’ positioms of northwest
Pacific cyclones from different agencies (Bell, 1981).

Fortunately, we also concluded that the position errors are
considerably reduced whenever observations are available in the cyclone
core region. Hence the inner circulation of the composites presented in
this study are probably only rarely effected by the larger errors. And,
as Frank (1976) has noted, random position errors of up to 100 km will
have little effect on the composite outside 4-500 km. Uncertainties in
the central pressure data are potentially much more serious,
particularly if the intensity trends are wrong. We have made every
effort to minimize the impact of these errors in deriving the composite

stratifications used in this paper.
2.2 Environmental Data

All available archived wind and thermal data for the period 1958~
1979 were obtained from the Australian Bureau of Meteorology, the New

Zealand Meteorological Service, the Malaysian Meteorological Service,



21

and the U.S. National Center for Atmospheric Research. Unfortunately,
data from the Indonesian Islands, the French Pacific trust territories,
and Papua New Guinea since 1972 were not available in such an accessible
form. Some of these data were, however, obtained from the Australian
Bureau of Meteorology, who have kept a real time archive of all traffic
over the World Meteorological Organization’s Global Telecommunication
System since 1972.

Except for some extra comsistency checks on the Australian data,
all archived data were accepted as being sufficiently accurate for our
purposes. Their quality control typically proceeds as follows: after
recording in the field the soundings are manually recalculated and
checked; they are then placed on magnetic tape and subjected to & number
of standard meteorological tests before archival. These tests vary from
simple checks of superadiabatic lapse rates etc. to long term checks on
station bias.

The real time data were not so easily accepted. Aside from
possible field errors they contained considerable coding errors and
transmission line noise. By devising a series of auntomated tests we
were able to recover about 70% of these soundings. Another 20% were
corrected manually and 10% were beyond hope. Thus, we were able.to
archive about 90% of the soundings, though many have been truncated or
have ievels missing.

A valuable feature of these Australian/southwest Pacific data is
that most stations make wind flights four times daily, though thermal
observations are only made once daily. Hence we have compiled separate
wind-only and thermal data sets. The wind-only set contains some 3

million flights from the 155 stations shown im Fig. 2.1. These flights
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Fig. 2.1. The distribution of stations contained in the
Australian/southwest Pacific wind—only data set.

were generally made at or near 05, 11, 17, 23Z (23Z varies from 06 to 14
LST across the region) and contained wind velocities for 18 pressure
levels: surface, 950, 900, 850, 750, 700, 600, 500, 400, 300, 250, 200,
150, 100, 80, 70, 60, 50 mb. The thermal set contains 300,000
radiosonde soundings for the stations in Fig., 2.2. These soundings,
which were generally taken at 23Z, ccntain temperature, moisture, height
and wind velocity data at the same 18 pressure levels as the wind-only
set,

A complete listing of all stations and summary of the procedures

used in building the data sets may be found in Gray et al. (1982).
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3. COMPOSITING TECHNIQUE

Our basic philosophy is to composite observations from a number of
similar systems to increase the data density to a level sufficient for
detailed analyses and budget calculations. The general technique
follows that described by Williams and Gray (1973), Frank (1976) and

1. (1982). We have, however, introduced a number of

Gray et
refinements and modifications based on the collective experience

obtained over the past few years.
3.1 Coordinate System and Sign Convention

As shown in Fig. 3.1, a cylindrical coordinate system is used. The
coordinates and sign corvention are: radius, r, measured along the
curved earth’s surface and positive outwards; azimuth, ©, measured
counterclockwise from either due north or the direction of storm motion;
and pressure, p, in the local vertical. Four coordinate system
perspectives have been adopted:

a) NAT system: as in Fig. 3.1

b) MOT system: as in Fig., 3.1 but with cyclone motion subtracted

from all wind observations

¢) ROT system: as in Fig. 3.1 but with azimuth measured

counterclockwise from the direction of

cyclone motion
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Fig. 3.1. The cylindrical coordinate system used in compositing
studies, shown in the NAT system perspective.
d) MOTROT system: the same perspective as the ROT system but

with the cyclone motion subtracted from all wind

observations,
3.2 General Technique

Full details on the general composite technique may be found in
Gray et al. (1982). To summarize, the relevant coordinate system is
located at the cyclone center at each time period and the positions of
all observations within 15° latitude radius are derived. The effect of
balloon and cyclone motion during ascent are accounted for. As shown in
Fig. 3.2 the cyclone is then divided into octants and into a nested
radial grid at each pressure level. The average of all observatioams in

each grid box is then assigned to a grid-point at the box center.

Outside 6° latitude radius a 2° latitude resolution is maintained, with
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sampling across the mean spatial and seasonal gradienmts in such absolute
parameters as temperature, height and moisture. As an example, in
examining the effects of such asymmetries we deliberately made an
indiscriminant composite of all cyclones in the Gulf of Carpentaria and
Western Australian region (Fig. 1.1). The mean position of the
resulting cyclone was near 20°S. But, because of the data void Indian
Ocean, the southwest quadrant came from observations over northern
Australia and the northwest quadrant from observations along the
Indonesian Islands. Thus, the southwest quadrant was anomalously warm
and dry and the northwest quadrant was anomalously warm and moist.
Cyclone size and intensity differences across the region and the
proximity of the subtropical jet stream produced further biases.

Robert Merrill (much personal communication 1981, 1982) has
proposed a technique for removing this bias. He suggested a separate
composite of the absolute value, squares and covariances of latitude,
longitude and Julian day number. These data may then be combined with
the mean spatial and temporal distribution of each parameter to remove
much of the observational system bias. Following this suggested
approach, we routinely composite the latitude, longitude and day number.
Should these indicate a large degree of bias, the composite is
discarded. In normal circumstances, however, a few biased grid points
are indicated and are treated as suspect at the analysis stage.

Our experience thus far is that wind composites (which are a
measure of height gradients) are quite robust and insensitive to minor
observational asymmetries. The hot, dry Australian continent, however,

places & strong limitation on the thermal composites that may be made.
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Thus, in some cases we are able to derive very good wind composites but
cannot provide corresponding thermal information.

Statistical Techniques: Two types of statistical techmniques are

employed. Following Merrill (1982) we routinely produce statistics on
the distribution and standard deviation of observations at each grid
point, together with pooled distributions and standard deviations of
each radial band for the 850, 500 and 250 mb levels. Other levels are
derived as necessary. These statistics provide a valuable tool in the
hand analysis of the various parameter fields. Multi Response
Permutation Procedure (MRPP) statistics (Mielke et al., 1976) may also
be employed in special cases to examine the internal comsistency of some
composites and to test the significance of observed parameter

differences.
3.4 Summary

The complete composite procedure is summarized in the flow diagram
in Fig. 3.3.

We must emphasize that the composite cyclones produced by this
procedure have a specific purpose. Comnsiderable care is taken to retain
certain features in a stable configuration. But this is occasionally at
the cost of other features. For example, composite AUSO4 (Appendix 2)
delineates the effect of the Australian continent on east-coast
hurricanes only, and would be useless for almost all other applications.
A re-examination of the relevant data is required before the composites
listed in Appendix 2 can be used for any other thap their designated

purposes.
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4. TROPICAL STORMS

As we have noted in Chapter 2 there are no adequate data on maximum
sustained winds in Australian/southwest Pacific tropical cyclomes; and
those east of 165°E do mot even have central pressure data. Hence,
Australian region tropical storms were selected as all cyclones with
minimum central pressures higher than 980 mb. East of 165°E we placed
all cyclones not defined as hurricanes by Kerr (1976) and Revelle (1981)
in the tropical storm category. This is not a precise separation and it
almost certainly has left a number of hurricanes in the tropical storm
category. But it is the best we can do with the available data.

The hot, dry Australian continent also has a marked effect on the
thermal characteristics of tropical cyclones in its vicinity (Chapter
3). Hence only very limited thermal composites can be made for much of
the Australian region. In the next chapter we describe two such limited
composites, the east and west coast Australian hurricanes, and give a
quantitative description of these continental effects. Here we present
a complete climatology of tropical storms throughout the region. But we
shall limit our discussion of the composite structure and emergetics to
developing and non-developing tropical storms over the southwest Pacific

at least 1000 km from the Australian coast.
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4.1 Tropical Storm Climatology

Spatial Distribution: These are given in Fig. 4.1 in terms of the

number of days in which a tropical storm was present within a five
degree latitude/longitude Marsden square centered on each point (the
spatial grid resolution is one degree latitude/longitude). In terms of
tropical cyclomne days, then, the highest frequency of tropical storms
occurs in the Gulf of Carpentaria with secondary maxima in the Coral Sea
and off the northwestern Australian coast.

These distribution features arise from a variety of mechanisms of
which the continent is a major factor. Three mechanisms contribute to
the strong peak in the Gulf of Carpentaria. Firstly, as we have shown
in section 1.2, the monsoonal trough extends across northern Australia
for much of the cyclone season. The warm Gulf waters are thus in an
optimum position to allow monsoonal depressions to develop. Secondly,
the proximity of land or three sides ensures a relatively high
proportion of tropical storms, since most intensifying tropical cyclones
cross the coast before reaching hurricane intensity. And, thirdly, as
we will show in Fig. 4.8, these Gulf storms are also moving quite slowly
(and erratically); they thus affect a given place for a longer time.

The maximum off the northwest coast is a reflection of the large
proportion of cyclomes which track to the west/southwest, parallel to
and just off the coast in this region. We shall show in our discussion
of the West Coast Hurricane in section 5.3 that the Australian continent
indirectly forces this preferred motion. The maxima in the Coral Sea
arise from the regular annual occurrence over these tropical waters,
particularly in the vicinity of the South Pacific cloud band (Streten,

1970; section 1.2) which extends southeastward from New Guinea. The
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eastward spread is more a result of intermittent years in which large
numbers of cyclones form over the central South Pacific.

The origin, maximum intensity, and decay point distributions, given
in Fig. 4.2, show the major regulating offect of the Australian
continent. As Bureau of Meteorology (1978) and McBride and Keenan
(1982) have noted, most tropical storms in the western region originate
on the monsoonal trough, which is located over northern Australia (Fig.
1.3). One third of these systems also originate from over land
depressions. This provides the sharp maximum between 15—2008, and also
the peaks in the longitudinal distribution over the southeast Timor Sea,
warm Joseph Bonapart Gulf (southwest of Darwin) and Gulf of Carpentaria.
By comparison, no well defined mean monsoonal trough or continental
effect extends over the southwest Pacific., There, almost all tropical
storm origins are over the ocean and are spread over a broad latitudinal
range. However, in both regions very few tropical storms keep
intensifying on moving past 20°S. This is undoubtedly due to the
combined effects of strong upper tropospheric westerlies (Fig. 1.4) and
cold sea surface temperatures (Fig. 1.6) poleward of this latitude.

Fifty five percent of western region tropical storms decay over
land, 40% decay over tropical waters, and less than 5% become
extratropical poleward of 30°s. Thus, there are relatively sharp
latitudinal peaks in the distributions of maximum intensity and decay
points, and these are nearly coincident with the origin maximum. No
such coincidence occurs in the southwest Pacific. There the tropical
storms generally reach maximum intensity well poleward of their origin

latitude and decay at high latitude over the ocean. Only 10% of these
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storms decayed over land, while 57% decayed over the ocean equatorward
of 30°S and 33% moved poleward as extra’ropical depressions.

Intraseasonal Distributions: The intraseasonal distributions of

tropical storm occurrence are shown in Fig. 4.3. In both regiomns the
season extends from late October to May and the southwest Pacific has
occasional late season storms. Both regions also have an early season
peak in storm activity followed by a gradual rise to a maximum in
January/February. A sharp decline occurs in late February. This is
followed in March and April by an increase in the north/west Australian
region, and an essentially constant occurrence frequency in the
southwest Pacific. The sharp late February drop in the north/west
Australian region is associated with a rapid increase im hurricane
occurrence (c.f. Fig. 5.3). This is because more systems are able to
reach hurricane intensity as the monsoonal trough migrates equatorward

away from the Australian continent.
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Fig. 4.3. Tropical storm intraseasonal distribution for the northwest

Australian and southwest Pacific regions. Except for the
extremities the curves have been smoothed by a runming 15 day
mean.
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The tropical storm distributions for the north/west Australian
region are different to those for all tropical cyclones (including
hurricanes). As we have shown in Bureau of Meteorology (1978), the
distribution of all tropical cyclones in this region has a distinct
minimum in January and February. We shall see in Chapter 5, that this
minimum is entirely due to a marked decrease in hurricane occurrence.

Motion: In the southwest Pacific region, tropical storm (and
hurricane) motion is characteristically quite different to that observed
in other ocean basins around the world. As may be seen in Fig. 4.4,
tropical storms in this region consistently track towards the
east/southeast at a high median speed of around 8 m s_l. Only a small
proportion move in the westward direction common to other basins. This
propensity for eastward motion has previously been described by Bureau
of Meteorology (1978), Holland and Pan (1981), Holland (1981), Revelle
(1981) and Gray (1982), who note that it arises from the large
proportion (around 40%) of cyclones which continually move eastward
thkroughout their lifetime. This is well illustrated by Fig. 4.5, which
shows the spatial distribution of the zonal component of tropical
cyclone motion, We see that westward motion dominates only in very low
latitudes and is nonexistent in the far east of the region.

By comparison, the majority of tropical storms in the north/west
Australian region track to the west or southwest (Fig. 4.4); though a
significant proportion also move towards the east. As may be seen in
Fig. 4.5, the westward motion dominance arises from storms tracking
nearly parallel to the northwest Australian coast. The smaller
proportion of eastward moving storms are a combination of high latitude

recurving cyclones, a few eastward moving storms just south of Java and
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a slight preference for eastward motion amongst the highly erratic
storms in the Gulf of Carpentaria. These erratic, slow moving Gulf
storms, combined with the effective removal of most rapidly moving high
latitude storms by the Australian continent, also result in a relatively

low median speed of around 5 m s1,

4.2 Tropical Storm Structure

We shall use the AUSO08 and AUS09 composites to describe the general
structure of oceanic tropical storms in the southwest Pacific region. A
complete description of these composites is contained in Appendix 2.
They consist of intensifying tropical storms between 10 and 25°S and at
least 1000 km from the Australian Coast. (We shall describe the effects
of the Australian continent on east and west coast cyclones in Chapter
5.) AUS08, the Non-developing Tropical Storm, represents the
intensifying phase of tropical storms which never reach hurricane
intensity. AUS09, the Pre-hurricane Tropical Storm consists of the
intensifying tropical storm phase of those systems used in the AUS06 and

AUSO7 hurricane composites in the next chapter.
4.2.1 Dynamical Structure

The axisymmetric cross-sections of azimuthal winds in Fig. 4.6
indicate that the two storms have a similar overall size, with a
cyclonic circulation extending beyond 14° latitude radius. However, the
Pre-hurricane Tropical Storm is slightly stronger and more intense; has
a much weaker lower tropospheric vertical shear; a stronger vertical
shear near 300-200 mb; and a better developed anticyclone, with

anticyclonic winds closer to the center,
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The processes acting to maintain, or develop, these azimuthal wind
features may be seen in the axisymmetric radial wind cross-sections in
Fig. 4.7. The Pre—~hurricane Tropical Storm has a well developed upper
outflow from the core region, thus maintaining the anticyclonic
circulation in Fig. 4.6. It also has a strong inflow between 400-300 mb
which extends to 8° latitude radius and, by an increased import of
cyclonic angular momentum, ensures a concentration of vertical wind
shear in the upper troposphere. This, in turn, helps maintain and
develop the necessary warm core near 300 mb. The outer region, low
level inflow into the pre-hurricane system is also importing substantial
amounts of angular momentum and accelerating the cyclone winds there.

As Love (1982) has recently noted, and as we show in section 6.4, this
increases the overall size of the system and provides an enhanced
environment for further intensification,

The lower stratospheric inflow into the Pre-hurricane Tropical
Storm may alsc contribute to its continued intensification. As we shall
show in section 6.4, we believe that this results from the same
processes which maintain the long outflow and upper inflow regimes.

Such low stratospheric inflow can provide subsidence warming, and hence
surface pressure falls, in the nascent eye region.

The flow field asymmetries, and the impact of the enviromment, for
the Pre-hurricane Tropical Storm can be seen in the streamline/isotach
fields in Fig. 4.8. (The location of this,and all subsequent composite
plan views, on a geographical grid is defined by the mean latitude and
longitude of all systems in the composite stratification.) This
developing system has a quasi-symmetric cyclonic circulation to at least

500 mb, is overlain by an anticyclonic outflow regime at 150 mb and has
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outflow channels to both the equatorial easterlies and subtropical
westerlies.

The major low to mid-level asymmetry arises from a stromg inflow
jet from the equatorial westerlies. ' This convergent jet imports high
enthalpy tropical air., It is also associated with a characteristic
cloud 'feeder band’; an example of which is shown in Fig. 4.9. A
similar equatorial inflow has been noted by Love (1982) for the pre-
tropical storm environment, and Simpson (1971) has associated the
concomitant cloud band with sustained intensification of tropical

cyclones in the Atlantic

Fig. 4.9. GMS visible satellite imagery of tropicsl storm Kerry at 0600Z
on 15 Februnary 1979.

A second, 850 mb trade wind maximum occurs on the poleward side of
the Pre-hurricane Tropical Storm and appears to¢ overshoot, with & low
level outflow to the southwest. This basic 850 mb pattern of
anticyclonic flow well to the east, convergence immediately to the east,

and divergence and cyclonic flow to the west, will be secen in all
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composites presented in this thesis. As Anthes and Hoke (1975) have
noted and as we shall describe fully in Chapter 7, this distortion is
largely a non—linear result of advection of earth vorticity by the
cyclonic circulation, or a beta effect.

Returning to Fig. 4.8b, we note that the subtropical westerlies
impinge on the southwest sector at 250 and 150 mb. But they do not
penetrate the core region. Rather, they provide a long outflow channel
to the southeast in addition to the weaker equatorward channel at 150
mb. A similar poleward outflow channel has been described by Ramage
(1959, 1974) and Sadler (1978) as being associated with sustained
intensification of tropical cyclomes in the northwest Pacific. It is
also similar to the ’'jet on the ridge' configuration, which McRae (1956)
and Wilkie (1964) have described as the most common situation for
cyclogenesis and subsequent intensification in the Australian region.

The wind fields for the Non-developing Tropical Storm are shown in
Fig. 4.10. All of the processes which we described as being conducive
to further intensification in the pre-hurricane system are weaker or
absent. the low-level jet from the equatorial westerlies is weaker and
shallower, and a strong, deep subtropical westerly flow extends over the
center at 500 mb and above. Though there is a resulting very strong
‘outflow channel’ to the southeast, the westerlies are literally ripping
the system apart. Thus, this composite is typical of the characteristic
'shearing off process’ which is res?onsible for most of the instances of
premature decay over tropical waters in the Australian/southwest Pacific

region (c.f., Rooney, 1981).
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4.2.2 Thermal Structure

The Pre-hurricane Tropical Storm moisture and upper level potential
temperature fields are shown in Figs. 4.11 and 4.12. The double banded
moisture maxima to the north and east of the system clearly support the
wind field indications of an influx of equatorial air and deep
convection in these regions (Figs. 4.8 and 4.9). The moisture extends
completely around the core to embed this pre—hurricane system in a deep,
moist tropical air mass.

Notice also in Fig. 4.11 the deep dry slot which extends from the
west and around the equatorward perimeter of the cyclome core. This
will be seen to be a consistent feature of intensifying cyclomes in the
Australian/southwest Pacific region. We believe that this is partially
a beta effect, in which distinct spiral bands of alternating moist
convection and dry subsidence are preferemtially arranged by the
cyclone's interaction with the earth vorticity field (Anthes, 1972); and
partially a result of advection of dry subtropical air around the
cyclone on the poleward side of the moist equatorial inflow jet (c.f.,
Fig. 4.8). We shall provide a complete description of the underlying
processes in Chapter 7.

The upper level potential temperature fields in Fig. 4.12 show that
the Pre—hurricane Storm is indeed warm-cored. Interestimngly, however,
secondary warm regions also occur to the northeast and southwest of the
center. The warm region to the northeast lies over the lower level
moist 'cloud band' in Fig. 4.11. It is probably a result of vertical
recycling in the vicinity of the unresolved cloud bands which constitute

this composite mean, The warm band to the southwest lies along the
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Fig. 4.11. Plan view moisture mixing ratio (g/kg) fields for the Pre-
hurricane Tropical Storm at 850 and 500 mb.
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hurricane Tropical Storm at 250 and 150 mb,
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confluence between the subtropical westerlies and storm outflow (Fig.
4.8b) and also extends into the, presumably weakly subsident, right
entrance region of the outflow jet. The lower level dry slot in Fig.
4.11 indicates that this subsidence extends downwards to at least the
500 mb level.

The moisture and upper level potential temperature fields for the
Non-developing Tropical Storm are shown in Figs. 4.13 and 4.14. They
are quite different to those for the pre-hurricane system. At 500 mb
much of the moisture is constrained to the eastern sector; a dry slot is
found just west of the core and a strong moisture gradient exists over
the storm center. This results from the previously described shearing
off effect of the subtropical westerlies (Fig. 4.10). Deep comvection
cannot be maintained in the western sector and is also shifted eastward
away from the core region. Thus, there is an eastern sector moisture
maximum at 500 mb, and the radial outflow maximum in Fig. 4.7 occurs
some 400 km from the center.

The upper level potential temperature fields in Fig. 4.14 show that
the Non-developing Tropical Storm is still warm cored, despite the
intrusion of subtropical air. (Recall that this composite is made up of
intensifying systems that are destroyed before reaching hurricane
intensity.) A remarkable warm band also occurs on the poleward side.

As with the similar, but much weaker feature in the pre-hurricane
system, this band lies along the confluence zone of the cyclone
circulation and westerly environmental flow. It is thus almost
certainly just poleward of the often observe sharp edge of the
anticyclonically curved cirrus band which extends polewards and

eastwards of such systems.
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Fig. 4.13. Plan view moisture mixing ratio (g/kg) fields for the Non-
developing Tropical Storm at 850 and 500 mb.
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Fig. 4.14. Plan view potential temperature (K) fields for the Non—
developing Tropical Storm at 250 and 150 mb.
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Since the maximum amplitude occurs in the right entrance of the
strong 'outflow’ jet in Fig. 4.10b, this band is probably largely
maintained by the toroidal circulation around the jet streak. Indeed,
as may be seen in the meridional cross—section in Fig. 4.15, it has a
number of similarities to the temperature field usually observed in
association with the subtropical jet (c.f., Palmen and Newton, 1969, p.
226). However, Holland et al. (1983) have presented aircraft
observations of a phenomenal warming of 18 K above ambient near 230 mb
in this region for tropical cyclone Kerry (1979). By using a
combination of physical reasoning and observations, they concluded that
this warming required stratospheric subsidence in which the potential
energy gain was derived from the kinetic energies of the opposing
subtropical westerlies, the easterlies around the poleward side of the
cyclone, and downward advection of easterly momentum from the
stratosphere. The observed warm band in Figs. 4.14 and 4.15 probably

arises from a combination of these processes.

4.3 Summary

In this chapter we have described a number of features of tropical
storms in the Australian/southwest Pacific region.

We have shown that these systems occur almost exclusively between
November and May with a peak frequency in January or February. Their
highest frequency is in the Gulf of Carpentaria, and secondary maxima
are found in the Coral Sea and just off the northwestern Australian
coast. The Australian continent appears to predominate in determining

these distributions. Many storms form in its coastal waters and decay
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Fig. 4.15. Meridional cross—sections of potential temperature (K, solid
lines) and zonal wind component (m s™1, dashed lines for
westerlies, dotted lines for easterlies) poleward of the Non—
developing Tropical Storm.

soon after by making landfall. Further, since the continent has a role

in the determination of the large scale wind fields (section 1.2), it

also has an indirect influence on tropical storms over the open ocean.
Perhaps the most notable result of this indirect influence is seen

in the preferred eastward movement and decay over tropical waters of

tropical storms over the southwest Pacific Ocean. We have shown that

~ these storms lie under a strongly sheared mid to upper level subtropical

westerly flow. They thus move consistently eastward (and often

erratically). They also suffer a comnsiderable vertical shearing, with
the major convective region pushed to the southeast and a strong thermal
and moisture gradient over the core, and thus prematurely decay over

tropical waters.
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Paradoxically, those oceanic tropical storms which subsequently
develop into hurricanes seem to benefit from the same upper level
westerly flow. In these latter systems the subtropical westerlies do
not extend over the core region, but are plose enough to provide a
distinct, strong outflow channel on the poleward side. Thus, we have
shown that the interaction with the upper level flow can either destroy
or sustain the storm intensification.

We have also seen a distinctive low level signature in both
tropical storm composites. Both storms are very large and the
developing system has a strong secondary inflow at large radii. This
secondary inflow arises from a combination of subtropical, trade wind
inflow to the southeast and a tropical, monsoonal inflow to the
northeast., Further, both storms have a divergent flow and extemsion of
the cyclone to the west, a deep equatorward inflow, convergence to the
east and an anticyclone well to the east.

We shall discuss the processes behind, and importance of these
features in Chapters 6 and 7. But first we shall examine the

climatology and structure of hurricanes throughout the region.



5. HURRICANES

Following our discussion on tropical storm classification in the
first paragraph of Chapter 4 and our definitions in section 1.1, we
classify hurricanes as: 1) all cyclones in the Australian regiom in
which the central pressures fell below 980 mb; and 2) all systems east
of 165°E which were classified as hurricames by Kerr (1976) or Revelle
(1981). An additional, major hurricane classification contains all
cyclones in the Australian region which attained minimum central
pressures of less than 960 mb. In this chapter we present a complete
hurricane climatology for the Australian/southwest Pacific region, and
compare this to the tropical storm climatology in Chapter 4. We also
examine and compare the structure of the intensification and decaying
phases of oceanic hurricanes in the southwest Pacific region, and
describe the continental influence on hurricanes just off the east and
west Australian coasts,

Unfortunately, we do not have sufficient information in the region
east of 165°E to differentiate major hurricanes for the whole period.
Hence, our major hurricane climatology is limited to the Australian
region, Some additional climatological information on major hurricanes
in the southwest Pacific may be found in Revelle (1981). We are also
unable to present any information on the oceanic structure of the major
hurricane, though we shall discuss some dynamic features of major

recurving hurricanes in section 5.4
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$.1 Hurricane Climatology

Spatial Distribution: By comparing Fig. 5.1 to Fig. 4.1 we see

that the spatial distribution of hurricanes is qualitatively similar to
that for tropical storms in the southwest Pacific, but there are marked
differences in the north/west Australian region. Intensifying tropical
storms in the landlocked Gulf of Carpentaria tend to cross the coast
before, or soon after reaching hurricane intemsity. Hence, we observe a
much lower frequency of Gulf hurricanes (Fig. 5.1) compared to tropical
storms (Fig., 4.1). By comparison there is a remarkable peak in
hurricane occurrence off the northwest Australian coast., Hurricanes in
this area typically track along and parallel to the coast and either
continue to the southwest or suddenly recurve and make landfall anywhere
between Broome and Geraldton (Fig. 5.1). Thus, a town such es Port
Hedland is in the outer fringes of, and under direct threat from, a
hurricane on an average of 2-3 days every year!

The hurricane origin, maximum intensity and decay point
distributions are shown in Fig. 5.2. For the southwest Pacific region
these are qualitatively similar to those for tropical storms in Fig.
4.2. However, the hurricanes display a trend towards lower latitude
origins and higher latitude maximum intensity and decay points. By
comparison, in the north/west Australian region the median storm and
hurricane origin latitudes are similar but most hurricanes originate in
the Timor Sea, reach maximum intensity off the northwest Australian
coast and decay by crossing that coast. As with tropical storms, the
detrimental environmental winds and cold ocean poleward of 20°S has a

strong limiting effect on the distribution of intensifying hurricames.
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Intraseasonal Distributions: The intraseasonal distributions in

Fig. 5.3 indicate that both regions have an early season hurricane
maximum, whereas the tropical storms (Fig. 4.3) rise to a late season
peak., This is due to a tendency for the early season systems, which
form along the fledgeling monsoonal trough (Bureau of Meteorology, 1978;
McBride and Keenan, 1982) at low latitudes., to become hurricanes and
also have longer lifetimes. Hurricanes in the north/west Australian
region also exhibit a distinct mid-season minimum, which we believe is
caused by the Australian continent. During the mid-season the monsoonal
trough lies over northern Australia (Fig. 1.3) and the oceanic area over
which cyclones can form is considerably reduced. Further, those
cyclones which form, generally do so close to the coast and subsequently

make landfall, or are otherwise adversely affected. Thus, there is very
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/ Australian Region
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8 :
1
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Fig. 5.3. Hurricane intraseasonal distribution for the north/west
Australian and southwest Pacific regions. Except for
the extremities, the curves have been smoothed by a
running 15 day mean.
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little reduction in the frequency of tropical storms (Fig. 4.2) but a
distinct reduction in hurricane occurrence, As the monsoonal trough
moves equatorwards off the continent in late February the hurricane
occurrence increases sharply (Fig. 5.3) whereas, as we have already
noted in Fig. 4.3 the tropical'storm occﬁrrence decreases.

Motion: Westward moving systems comprise a much larger proportion
of hurricanes (Fig. 5.4) than tropical storms (Fig. 4.4). A similar
feature has been noted by Revelle (1981) for the southwest Pacific
region, However, the southwest Pacific hurricanes still have an
eastward motion maximum and move faster on an average than those in the
north/west Australian region. The zonal motion distributions in Fig.
5.5, indicate that these features are largely a result of high latitude,
decaying systems (which are removed from the north/west Australian
region by the Australian continent). The majority of low latitude

hurricanes are moving westward in both regions.
5.2 Major Hurricane Climatology:

Spatial Distribution: The major hurricanes form a subset of the

hurricanes, and, as shown in Fig. 5.6 have a very similar spatial
distribution to that for all hurricanes in Fig. 5.1. The origin,
maximum intensity and decay point distributions, shown in Fig. 5.7, are
also qualitatively similar to those for the hurricane. Note, however,
the concentration of coastal crossings along the north/west Australian
coast, Eighty six percent of major hurricanes in the north/west
Australian region made landfall compared to only 38% of non-major

hurricanes and 55% of tropical storms. Further, 41% of the major
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hurricanes in the entire Australian region made landfall on the

north/west Australian coast at or very near maximum intensity. As we
shall show in section 5.3 and Chapter 6. these statistics are largely
due to the generally benevolant enviromment for west coast hurricanes.

Intraseasonal Distribution: The intraseasonal distribution of

major hurricamnes, shown im Fig. 5.8 contains the same early season
maximum as the hurricane distributions in Fig. 5.3, but no mid-season
minimum. The lack of a mid-season minimum arises partly from the mixing
of Coral Sea hurricanes with the north/west Australian systems. But
there is also tentative evidence that a higher proportion of hurricanes
become major in this mid-season period. The sharp March reduction is
somewhat of a mystery and is to be investigated further,

Motion: The trend for hurricanes to move more comnsistently
westward than tropical storms (Figs., 4.4, 5.4) is c?ntinued in the major

burricane classification. As Fig. 5.9 shows, major hurricanes in the
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Fig. 5.8. Major hurricane intraseasomnal distribution for the Australian
region. Except for the extremities, the curves have been
smoothed by a running 15 day mean,.
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Australian region are dominated by westward moving systems. A similar
finding has been made for the southwest Pacific by Revelle (1981). We
shall, however, show in Chapter 6 that these major hurricanes are
comprised mainly of recurving cyclones which cross the Australian coast
~after recurvature. Cyclones which move continuously westward rarely
become major hurricanes. This is quite different to other ocean basins
where westward moving systems, which can move for long periods over warm
tropical waters with no detrimental upper tropospheric shearing effects,

may become very intense.
5.3 The Structure of the Oceanic Hurricane

VWe shall use the AUS06 and AUSO7 composites in this section to
describe the general features of deepening and decaying oceanic
hurricanes in the southwest Pacific. These composites are described
fully in Appendix 2, but briefly, they are both comprised of hurricanes
in the southwest Pacific between 15 and 25°S and at least 1000 km from
the Australian coast and contain the hurricane portion of those systems
in the AUS09, Pre-hurricane Tropical Storm composites; AUS06 represents
the developing phase and AUSO7 represents the decaying phase of these

hurricanes.
5.3.1 Dynamical Structure

As may be seen in the axisymmetric cross—sections in Figs. 5.10 and
5.11 the oceanic hurricane is quite large. In both the developing and
decaying phase it has a deep cyclonic circulation extending beyond 14°

latitude radius, and is overlain by an extensive anticyclone. In this
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regard the oceanic hurricane is quite similar to the steady state
typhoon describ:d by Frank (1977a). However, the developing and
decaying phases do have some interesting additional features.

The developing hurricane in Figs. 5.10 and 5.11 is similar to the
Pre—hurricane Tropical Storm in Figs. 4.6 and 4.7. It exhibits a
strong, deep cy:lomnic circulation out to a radius of 8° latitude with
weak vertical wind shear between 850 and 400 mb. A low level wind
maximum also extends beyond 10° latitude radius and is associated with a
secondary maximm in radial inflow (Fig. 5.11); we shall presently see
(Fig. 5.12) that this is a result of sustained northwesterly
environmental winds equatorward, and southeasterly enviropmental winds
poleward of the hurricane. The developing hurricane further contains a
deep low level inflow, with the remnants of the secondary maximum near
400 mb which we:'e noted in the pre-hurricane phase. An extensive upper
tropospheric ou:flow is also present, with a maximum between 2-6°
latitude radius and a constant radial wind from 6-14°. This outflow is
associated with an increasing anticyclonic circulation with radius and
is overlain by .. lower stratospheric inflow.

By compariion, the decaying hurricane in Figs. 5.10 and 5.11 has a
stronger upper _evel anticyclone, a weaker low level cyclone, and
congsiderable ve:'tical wind shear between 700 and 400 mb. The radial
flow is also qu:te different: the stratospheric inflow has ceased
inside 6° latitude radius; the upper troposphere outflow and lower
tropospheric ini'low are weaker and cease at 12-14° latitude radius; and
a distinct outflow has developed near 600 mb, though a residual inflow

remains near 40( mb,
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The plan view wind fields for the Developing Oceanic Hurricane,
contained in Fig. 5.12, show a stronger, but otherwise similar structure
to the tropical storm phase in Fig. 4.8. In the low to mid-levels the
composite hurricane has a large extent and is nearly symmetric. The
strong, deep tropical inflow jet is still being maintained and the beta
effect aistortion is clearly evident at 850 mb. At 250 mb, the upstream
trough now extends equatorward of the hurricane, but the confluence zone
between the subtropical westerlies and the hurricane cutflow has
remained some 6° latitude from the center. The subtrcpical outflow jet
has also strengthened considerably with average radial winds exceeding
15 m s_l.

The westerly winds have less effect at the 150 mt level. There is,
however, still evidence of the strong outflow jet to the southeast. As
with the tropical storm phase, this jet is complemente¢d by a second
equatorward jet to the northeast.

The streamline/isotach fields for the decaying hirricane are shown
in Fig. 5.13. By comparison to the developing stage ~he 850 mb
circulation is less extensive and weaker, and the dee) tropical inflow
has ceased. Indeed, the 500 mb flow contains a distiict subtropical
inflow, and has become considerably distorted. The ujper level
westerlies now extend well over the hurricane with on.y the remnants of
an outflow regime at either 250 or 150 mb. While the southeastward
outflow jet is still weakly present, its equatorward :ounterpart at 150
mb has largely ceased. In these regards the Decaying Oceanic Hurricane

is quite similar to the Non-developing Tropical Storm in Fig. 4.10.
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5.3.2 Thermal Siructure

The axisymmctric cross—sections of temperature anomalies in the
developing and decaying hurricanes are shown in Fig. 5.14. The well
documented mid to upper tropospheric warm core (e.g., Shea and Gray,
1973; Hawkins and Rubsam, 1968; Frank, 1977a) may be clearly seen. In
the developing hirricane the warm anomaly is quite strong and
concentrated nea: 300 mb (the actual maximum anomaly in the eye cannot
possibly be resolved by our larger scale compositing procedure). In the
decaying hurricaie the warm core is weaker and vertically more diffuse.
These observatioas are consistent with our vertical wind shear
observations in 7ig. 5.10. Though not completely shown due to lack of
resolution, a cold band of up to 5°C is also present in the lower
stratosphere, surrounding an apparently warmer center. In the
developing phase this band extends from 1-3° 1atitude radius; in the
decaying phase it is further from the center and covers 3-5° latitude
radius. Frank (1977a) also observed a stratospheric cooling over the
typhoon, but this extended over the core region. Even though there are
only a few observations, the lower stratosphere of both phases of the
southwest Pacific hurricane is warmer in the core region than at 2-6°
latitude radius. We also note that the cool bands in Fig. 5.14
correspond closely to the outflow maxima in Fig. 5.11, which must be
associated with sustained vertical motion. These observations support
the speculation by Frank (1977a) that the lower stratospheric cooling
results from overshooting cumulonimbus clouds.

A notable feature is the lower level cool band at 2° latitude

radius in the developing phase and at 3° latitude radius in the decaying
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phase. The mixing ratio cross—-sections in Fig, 5.15 indicate that these
cool bands are also quite dry. They thus show distinctively in the
equivalent potential temperature cross—-sections of Fig. 5.16. These are
an axisymmetric indication of the distine¢tive banded structure of all
tropical storm and hurricane composites presented in this study. As we
have noted in (hapter 4, and as we shall describe fully in Chapter 7, we
believe that tlis banded structure arises from: 1) an interaction
between the cyclone and earth’'s vorticity field; and 2) differential
advection of pctentially warm tropical, and cold subtropical air.

The plan view equivalent potential temperature fields for the
developing huriicane are shown in Fig. 5.17. The variations in
equivalent pot¢ntial temperature below 500 mb are largely due to
moisture variations; at 250 mb they are entirely due to temperature
variations. W¢ can see that a deep tongue of warm, moist tropical air
occurs on the 1ortheast side. As with the Pre-hurricane Tropical Storm,
this tropical i¢ir extends around and to the poleward side of the
hurricane core. Cool, dry subtropical air is starting to flow
equatorwards at large radii to the west of the hurricane; and a distinct
low level dry :lot, corresponding to that in the axisymmetric cross-
section of Fig. 5.14, extends from west through north and east of the
core region.

Motice al:o the rapid fall in equivalent potential temperature to
the southwest «f the core at both 500 and 250 mb. This gradient lies
along the conf uence zone between the potentially warm hurricane outflow
and cool upper level environmental westerlies (Fig. 5.12). Unlike the
pre-hurricane hase in Fig. 4.12, there is no evidence of strong upper

level subsiden:e along this confluence zone. This agrees with the
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Fig. 5.17b. Plan view equivalent potential temperature (K) field fo;
tle Developing Oceanic Hurricane at 250 mb.

qualitative wisd field observations in Fig. 5.12b that there is also
much weaker co:ifluence, and less concentrated upper level convergence in
this region. lowever, the continued presence of a dry slot in the 500
mb moisture ficld of Fig. 5.18 indicates that some middle level
subsidence is leing maintained in this confluence region.

The highe:* latitude, subtropical effects on the thermal structure
of the decayin;, hurricane are clearly shown in Fig. 5.19. Only a
residual of th: warm moist tropical tongue (Fig. 5.17a) remains to the
northeast. Th'!s tongue is cut off from the core and no longer wraps
around the pol :ward side. Rather, a strong equivalent potential
temperature gr .dient has developed to the southeast as the hurricane
comes under th: influence of the westerly subtropical airstream.

Note, howerer, that the impinging westerly airstream has a less

adverse affect on the. stronger hurricane circulation than was evident in
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Fig. 5.18. Plan view moisture mixing ratio (g/kg) f .eld at 500 mb in
the Developing Oceanic Hurricane.

the Non—developing Tropical Storm (Figs. 4.13 and 4..4). We shall
summarize these effects in section 5.7.
5.4 The Continental Influence on Hurricanes off the East and West

Australian Coast.

As we have seen in sections 4.1 and 5.1, many t-opical cyclones
complete their entire life cycle within a few hundred kilometers of the
Australian coast. They are thus affected in varying degrees by the
close proximity of this large, dry landmass. In the extreme, a number
of these cyclones are destroyed in their formative o intensification
stages by crossing the coast. But even those which :"emain out to sea
have a substantial proportion of their circulation o'er land.
Australian forecasters have long been aware of the d:bilitating effect
of dry continental air being entrained into these co..stal cyclones.

Further, aside from these direct influences, the con:inent may



817

ISt 160 165 170 175 iI80 175 I70
T T i LI T 1

AUSO7
) 850mb
35 S %
15 160 165 170 175 180 175 I70
T ' L LI 1 V
%ﬁ\\sq% %o ° .
10 ...@QS...‘.’..._F . + o

325\ .
: AUSO7
8 500 mb

3¢ ' —

Fig. 5.19a. Pl an view equivalent potential temperature (K) fields for
tle Decaying Oceanic Hurricane at 850 and 500 mb.



88

155 160 165 170 175 180 175 i70
Li T ¥ lfo 1 T
ED‘S : *
m%‘m ®o oc
o} - - ..$§q5‘ . "
S 345
15 . . '
20._. . . .+. - . .a: -
”,,345
2st . .
30} + . ”;. . + ;f . .
. 34o: AUSO7
: - : 250mb 6
35 =
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indirectly affect coastal cyclones by the modifying :ffect that it has
on the larger scale flow fields.

In this section we shall discuss some of these influences by using
the AUSO4 and AUS10 composites. These are described fully in Appendix
2, but briefly: AUSO4, the East Coast Hurricane, contains all tropical
cyélones within about 500 km of the east Australian coast between 15 and
25°S, and with central pressures less than 990 mb; AUS10, the West Coast
Hurricane, contains a similar cyclone set for the west Australian coast.
In order to obtain sufficient observations for a detailed analysis, both
deepening and decaying phases were included. However, the regional
peculiarities resulted in the East Coast Hurricane teing, on average,

decaying, while the West Coast Hurricane is deepenirg.
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5.4.1 The East Coast Hurricane

The 850 mt and 500 mb moisture fields for the East Coast Hurricane
are shown in Fig. 5.20, together with the 850, 500, 250, 150 mb wind
fields in Fig. 5.21. At 850 mb the monsoonal trough extends
west/northwest across Cape York Peninsula and a strong jet in the
monsoonal westerlies provides the major influx of mass and moisture into
the hurricane. The characteristic beta effect distortion and elongation
to the west, wlich we noted in our discussion of the oceanic cyclones,
appears to be nodified by the Great Dividing Range. Considerable
orographic funielling of these low level winds is evident. Thus, even
though a distiict moisture band extends from the monsoonal westerlies
around the huriicane, the inland regions are relatively unaffected (the
encircled stat:ons are not significantly different from their January
mean from Mahe: and Lee, 1977). Some advection of dry continental air
is, however, evident from the west through north of the hurricane.

At 500 mb the coastal funnelling has disappeared. Instead, the
hurricane appeirs to lie poleward of the subtropical ridge and is being
influenced by :. subtropical southwesterly flow. Thus, even though there
is a deep monsconal flow to the north, very dry continental air is being
advected into ~he cyclone and is tending to cut off the tropical
moisture suppl:. The poleward extent of tropical air around the
hurricane, and the efflux of dry air from the continent, may be seen
more clearly i:. the moisture cross—section of Fig. 5.22. This cross-—
section extend: northwest and due south of the cyclone and approximately

parallels the .oastline. We see that moist tropical air extends
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Fig. 5.20. Plan view moisture mixing ratio (g/kg) :ields for the East
Coast Hurricane at 850 and 500 mb., Also shown in circles are
mean January mixing ratios for a select on of stations from

Maher and Lee (1977). No data were ava lable for the hatched
regions.
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polewards some 700 km at the surface and slightly less at higher levels.
The low level coastal funnelling also prevents the dryer continental air
below 850 mb from moving over the ocean within 600 km to the northwest.
But this effect is lost above 800 mb, and dry air penetrates close to
the center under the influence of the impinging subtropical westerlies.
The associated characteristic convective signature for East Coast
Hurricanes is illustrated by two infamous hurricanes, Ada (1970) and
Althea (1971) in Fig. 5.23. Note: 1) the large convective region to
the south and southeast which ends along the coast and is curved
anticyclonically by the interaction with the upper level westerlies
(c.f. the 250 nb level in Fig. 5.21); 2) the dry slot around the
northern perim:ter of the cloud masses; and 3) the convective band lying
along the approiximate position of the low level monsoonal jet and moist
band in Figs. 7.20 and 5.21. It is also now evident that the large 500
mb moist regioi encompassed by the 4 g/kg isohyet in Fig. 5.20 arises

more from in situ convective activity tham from horizontal advection,
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Fig. 5.23. ESSA 8 visible satellite imagery of hurricanes Ada (from
Director of Meteorology, 1970) and Althea (from Director
Meteorology, 1972) off the east Australianm coast.

of
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There is, however, some advection of moisture out of this region over
the continent.

The flow :'ields at 250 and 150 mb (Fig. 5.21) and the upper level
thermal fields (not shown) are not directly influenced by the Australian
continent. Th:y, and the lower level fields, are, however, under a
considerable idirect influence. As we have briefly discussed in
Chapter 1, the poleward extension of the monsoonal trough and convective
activity over 1orthern Australia produces a concomitant poleward
extension of tie upper tropospheric subtropical ridge. A downstream
trough then forms over the Coral Sea region (Fig. 1.4), with subtropical
westerlies ext:nding to very low latitudes. Holland and Pan (1981) have
shown, using a series of monthly mean charts, that this Coral Sea trough
extends downward to the 500 mb level. Below this level a sharp poleward
shift of the sabtropical ridge was observed with trade wind easterlies
over the south:rn Coral Sea (Fig. 1.3). Thus, the generally destructive
effect of the upper level subtropical westerlies, shown in Figs. 5.20 to

5.23 may be attributed to an indirect continental influence.

5.4.2 The West Coast Hurricane

The 850 nb and 500 mb moisture fields for the West Coast Hurricane
are shown in Fig. 5.24 together with the 850, 500, 250 and 150 mb flow
fields in Fig. 5.25. At 850 mb the monsoonal trough extends
northeastward over northern Australia. The now familiar jet from the
monsoonal westerlies extends into the hurricane and there appears to be
a2 secondary mcnsoonal surge equatorward of the Indonesian Islands
(though this teature could be a result of data bias). Extensive trade

wind easterlies lie poleward of the hurricane, and the superpositioning
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of the Western .\ustralian Coastal Trough (Fig. 1.3) and the cyclone
circulation is :learly evident at 850 mb. Unfortunately, we have no
thermal data, aid very little wind data, to the west and northwest of
the hurricane, However, to the east and southeast the hurricane
circulation is ..dvecting a considerable amount of tropical moisture over
the normally drr northwestern deserts. This is in direct contrast to
the East Coast Jurricane where orographic funnelling prevented an inland
penetration of :ropical air. This flux of moisture around the eastern
side also prote:ts the hurricane from incursions of dry continental air.
Instead, mixing between the continental and maritime air produces a
strong moisture gradient to the south. Any continental air reaching the
core region will have been considerably modified by a long trajectory
over warm tropi:al oceans.

A similar situation exists at 500 mb. This shows the depth of the
monsoonal influr and the protection of the core region from dry
continental air, The hurricane also lies just equatorward of the
subtropical ridge at this level and is well removed from the subtropical
westerlies., Th2re is, however, evidence of the now familiar dry tongue
extending arouni the northern perimeter; this is probably emhanced by
dry continental air extending around the hurricane,

These features may be more completely seen in the moisture cross—
section of Fig. 5.26 and the satellite mosaic of hurricane Joan (1975)
in Fig. 5.27. The moisture cross—-section runs northeast to southwest
through the composite cyclone, however, it has been derived almost
entirely from coastal stations and is thus representative of a mean
coastal cross—section. On the poleward side, then, we see that the

moist maritime air extends some 700 km near the surface and nearly 1000 km
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at higher level;. Presumably this increased extent with height is due
to the stronger flux of dryer continental air in the low level trade
winds. To the iortheast lies an extensive region of tropical maritime
air, interruptel only by the 400-600 km dry tongue above 750 mb. The
cloud patterns for hurricane Joan further illustrate the flux of
tropical moisture over the continent; the protected core region; the
efflux of dry continental air off the southwest coast, and its advection
around the west:rn periphery of the storm; and the dry tongue to the
north and northzast.

Some quite interesting examples of the continental effect on the
West Coast Hurricane may be seen in Fig. 5.28. This figure gives a
coastal cross—section of the temperature deviations from the Port
Hedland January mean. We can see the usual mid-to upper tropospheric
warm core and the lower stratospheric cold band. The weakly sloping
tropopause and absence of colder subtropical air within 1200 km also
confirm that the cyclone is well within the tropics. Of most interest,
however, is the reversal of the normal meridional temperature gradient,
and the extremely cold core (by tropical standards) below 700 mb. The
advection of hct tropical continental air around the poleward side of
the hurricane, with colder tropical maritime air on the equatorward
side, produces an equatorward directed temperature gradient. From
thermal wind ccnsiderations, this results in an easterly vertical wind
shear over the hurricame (c.f., the zonal wind observations in Fig.
5.28). These easterly winds, in turn, tend to advect the hurricane

towards the west. As may be seen in Fig. 5.25, the deep subtropical
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Fig. 5.28. Vertical cross—section of temperature deviations from the
Port Hedland January mean (Maher and Lee, 1977} through
the West Coast Hurricane and approximately parallel to the
west Australian coastline. 1so shown are the mean zonal
wind components in the hurricane core.

ridge, which is anchored over the monsoonal trough across northern

Australia (c.f., section 1.2), also protects the West Coast Hurricane

from the subtropical westerlies. Thus, the Australian Continent appears
to be largely responsible for the remarkably consisient southwestward
trajectory, and peak occurrence frequency, of hurricanes just off the

northwest coast (c.f., Figs. 5.1 and 5.5).

The poleward advection of tropical maritime ai:' around the cyclone
further produces a considerable low level cooling f:'om the
climatological norm; 900 mb temperatures within 600 km of the hurricane
are 1-2 standard deviations below the Januvary mean 1t Port Hedland.
Combined with the hot tropical continental air at lirger radii, this

produces a strong cold core below 700 mb. (However, the unresolved eye

region is almost certainly warm cored at these levels.) The resulting
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thermal wind efiect on the azimuthal winds is shown in Fig. §.29.
Instead of the 1.0ormally observed 850 mb wind maximum, the cyclonic winds
increase in the vertical with a maximum near 700 mb. This cold cored
feature has alsc been observed by McBride and Keenan (1982).

In the upp(r levels (Fig. 5.25b) we find an anticyclone due east of
the hurricane, vhich overlies, and is probably partially supported by
the deep overland convective activity in this region (c.f., Fig. 5.27).
The hurricane i: still protected from the full impact of the subtropical
westerlies, but is close enough to be able to maintain an outflow
channel in the livergent flow to the southwest of the anticyclone. We
shall show in Ciapter 6 that this is a favorable sitmation for continued

intensification.
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Fig. 5.29. Axisymmetric azimuthal wind cross—section for the West
Cot st Hurricane. Hatching indicates anticyclonic circula-
ticn,
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5.5 The Structure of the Major Recurving Hurricane

As we have previously noted, the lack of major hirricane
information in the southwest Pacific east of 165°E me ins that we are
unable to derive any composites for the major oceanic hurricane.
Fortunately, however, as we shall show in Chapter 6 m>st major
hurricanes also recurve. This not only implies that a1 consistent
environmental influence is responsible for their development, it also
allows us to produce a dynamic composite of most majcr hurricanes in the
Australian region, while minimizing any bias problems. To do this, we
selected all major Australian hurricanes (minimum certral pressure less
than 960 mb) which recurved and which reached maximur intensity at or
within one day of recurvature. These were separated into three phases:
the developing tropical storm phase, with central pre¢ssure between 995
.and 980 mb (AUSO1); the intensifying hurricare phase, with central
pressure less than 980 mb (AUSO2); and the decaying lurricane phase,
again central pressure less than 980 mb, no land fal' s, and at most two
days after maximum intensity was reached (AUS03). Firther details on
the resulting composites, AUSO1, AUSO02 and AUS03, are contained in
Appendix 2.

We note that the major hurricanes which compris: this composite
come from both eastern and western Australia. We have assumed that the
narrow stratification criteria imply a consistent ervironmental wind
field, and thus minimize any wind bias. However, the wide longitudinal
range of the observations, with the presence of the Australian

continent, stop us from also producing an acceptable thermal composite.
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For compariion purposes a similar set of rawinsonde composites were
produced for recirving northwest Pacific supertyphoons. These include:
the developing tropical storm stage, NWPRI1 (995-980 mb); the initial
typhoon development phase, NWPRI2 (980-960 mb); the intensifying super
typhoon stage NWPRI3 (<960 mb and reaches maximum intensity within ome
day of recurvatire); and the filling typhoon stage NWPRF (<980 mb and at
most two days al ter maximum intensity). Further details on these
composites may :.1so be found in Appendix 2. Note that in the northwest
Pacific we were able to produce an extra intensifying typhoon composite
(NWPRI2). Whil: this is slightly noisy it provides valuable information
on the initial typhoon intemsification phase. Unfortunately we had
insufficient data to produce a similar, stable composite in the
Australian region.

Azimuthal Winds: The axisymmetric cross—sections of azimuthal

winds for the /ustralian and northwest Pacific composites are shown in
Figs. 5.30 and 5.31. The tropical storm phase of the major hurricane is
almost identicil to the Pre-hurricane Tropical Storm in Fig. 4.6. The
storm is very large and strong, has a weak vertical wind shear in the
lower troposph:re and is overlain by an extensive anticyclone. It does,
however, have a1 slightly more extensive cyclomnic circulation in the
lower stratosphere. By comparison, the northwest Pacific tropical storm
stage (NWPRI1) has a similar vertical structure but is slightly weaker
and smaller.

At the hirricane, or typhoon stage, the Australian system is still
stronger and @ arger than its northern hemispheric counterpart. It also
strengthens s ightly in the decaying stage, but becomes smaller and

develops a lor level vertical wind shear, indicating the rapid
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destruction by the strongly sheared envirommental flcw. By comparison,
the typhoon becomes stronger and larger after recurve ture.

The size difference between the two regions is yjrovided by their
large scale envirorment. Australian rezion tropical cyclones form in a
well developed monsoonal trough. They typically have 10-20° latitude of
westerly monsoonal flow on their equatorward side an¢ a similar extent
of easterly trade wind flow on their poleward side. Thus, they form
with a very large size. As these Australian region (yclones track
polewards they move out of this favorable region and contract slightly.
Cyclones in the northwest Pacific, however, have exte¢nsive trade wind
easterlies on their poleward side but do not typically form with an
extensive westerly monsoonal flow on their equatorwaid side. Hence,
they start out smaller than their Southern Hemispher¢ counterparts. As
these cyclones move into the far west Pacific or South China Sea, the
equatorial westerlies increase in extent. This, together with
subtropical surges off the Asian mainland (Merrill, 1982; Pan Chien-
shang, personal communication, 1982), generally causes northwest Pacific
cyclones to grow during the latter stages of their 1lifecycle.

It is also notable that the intensity of the upjer level
anticyclone remains essentially constant throughout the recurving major
hurricane’'s lifetime. By comparison, the intensity ¢f the upper
anticycione over the supertyphoon increases consider:bly. Again, this
is an environmental effect. The Australian system sjznds its entire
lifetime mnear the upper level subtropic#l ridge and just on the
equatorward side of strong subtropical westerlies. These maintain the
strong axisymmetric upper level anticyclone from forpration through

decay. The northwest Pacific system, however, forms in the deep
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tropics. It then moves under the upper level subtropical ridge and
close to the suttropical westerlies,

Radial Win¢s: The axisymmetric radial wind cross—-sections for the
Australian and 1orthwest Pacific systems are shown in Figs. 5.32 and
5.33. If we recall that radial winds of less than 1 m s © are mot
significantly d:.fferent from zero, then the tropical storm phases are
almost identical. The major difference lies in the stratospheric and
low level outer region inflow maxima in the Australian storm.

Considerable regional differences emerge, however, in the
bhurricane/typhoon stages. In the developing stage the stromger
Australian system produces a stronger low level radial flow. But, it is
also being directly affected by the upper level westerly flow. Thus: we
see a strong deep upper outflow. This outflow becomes deeper and more
extensive at tle decaying stage as the strongly sheared environmental
flow tears the hurricane apart. The supertyphoon develops a strong
300-400 mb inf .ow layer during intensification. This weakens and a very
strong low lev:l inflow, a result of the stronger circulation in Fig.
5.31, develops during the decaying stage.

Tre plan siew wind fields are not shown since they are very similar
to the Pre—hurricane Tropical Storm and Developing and Decaying Oceanic

Hurricane described earlier.
5.6 Hurricane Kerry: A Case Study

Throughoit Chapters 4 and 5 we have made extensive use of
compositing t¢ determine the major features of different types of

tropical cyclines. We have, wherever possible used very restrictive
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northwest Pacific region recurving supertyphoon at the
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selection criteria in and attempt to kecp smoothing t> a minimum and
retain salient details while still providing sufficieit observations for
an objective analysis. But how representative are the resulting
composites? This and other questions can only be answered by a detailed
analysis of many cyclones, which, though an item for future research, is
far beyond the scope of the present study. However, we can show that at
least ome tropical cyclone, Hurricane Kerry, is quite similar to the
Oceanic Hurricane composite described in section 5.2. Kerry was the
first southwest Pacific hurricane to be reconnoitred >y a fully
instrumented research aircraft (Sheets and Holland, 1781) and has also
been extensively analyzed (Lajoie and Butterworth, 1982; Lajoie, 1981;
Holland et al., 1983; Holland and Black, 1983; Black =t al., 1983).
Since it was also not included in the Oceanic Hurricane composite it
provides an excellent example for comparison.

As shown in Fig. 5.34, Hurricane Kerry formed at low latitude over
the southwest Pacific Ocean and moved generally westwird. It
intensified to minimal hurricane strength on February 15, weakened while
crossing the Solomon Islands, and subsequently reinteasified in the
Coral Sea. Maximum intensity of 954 mb was achieved »>n February 19
(Broadbrige, 1981) following distinct evidence of a missed recurvature.
Kerry subsequently decayed gradually while following 1 long, erratic
path across the Coral Sea.

The general synoptic scale structure of the cyclone during the
intensification period are illustrated by the gradien: level and 200 mb
analyses in Fig. 5.35, the GMS satellite imagery in Fig. 5.36, and the
sequential outflow layer analyses in Fig. 5.37. A more complete

sequence of analyses may be found in Sheets and Hollaand (1981).
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Fig. 5.34. Track of Hurricane Kerry showing dates (open circles 00 GMT)
and selected central pressure estimates. (From Sheets and
Hol .and, 1981).

On Februar:r 15th, Kerry was at minimal hurricane strength and the
operational analyses in Fig. 5.35 compare very favorably to the tropical
storm composite wind fields in Fig, 4.11, and to the intensifying
hurricane composites in Fig. 5.12. At the gradient level we see the
same equatorial inflow jet, the outer region trade wind inflow from the
southeast, the listinct convergence to the east and cyclonic distortion
to the west. A: this stage at 200 mb, however, Kerry was slightly
different to th: composite wind fields. It lay slightly equatorward of
the subtropical ridge, with a weak westerly trough to the south, and

displayed a stringer equatorward and weaker poleward outflow channel

configuration,
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The convective signatures for February 15 and 19 (Fig. 5.36) show &
major cloud band from north through east; a cloud free region, or dry
slot; and a sharp end to the convection in the southwest sector. These
features are quite similar to our observations and deductions from the
composite moisture and thermal fields in sections 4.2 and 5.2.

The outflow regime variations during the intensification and decay
phases are more clearly seen in Fig. 5.37, which has been provided by F.
Lojoie (personal communication, 1982). It contains three short term
vomposites of all available upper level aircraft, satellite wind and
rawirnds for the first part of the intensification period (Fig. 5.37a),
during whicﬁ the central pressure fell 12 mb; the second part of the
intensification period (Fig. 5.37b), during which the central pressure
fell 15 mb; and the initial decay period (Fig., 5.37c¢), during which
central pressure rose 13 mb. Also, shown in Fig. 5.38 are the
corresponding divergence patterns on the poleward side of Hurricane
Kerry. At the commencement of reintemsification, then, a weak
equatorward outflow is present. But the dominant feature is the strong
poleward outflow into the divergent region ahead of an approaching
westerly trough. Intensification continues as the westerly trough
amplifies, the subtropical jet moves past the cyclome, and the outflow
strengthens considerably. By February 20. however, the upper level
trough has moved past the cyclone. Convergent southwesterly flow has
cut off the poleward outfiow channel. Hurricane Kerry begins to decay.

No comparable low level circulation variations were observed during
this time (apart from a general increase in the cyclonic winds). Thus,
these case study ;esults provide good support to our composite

conclusions that interactions with the subtropical jet stream dominate
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The convective signatures for February 15 and 19 (Fig. 5.36) show a
major cloud band from north through east; a cloud free region, or dry
slot; and a sharp end to the convection in the southwest sector. These
features are quite similar to our observations and deductions from the
composite moisture and thermal fields in sections 4.2 and 5.2.

The outflow regime variations during the intensification and decay
phases are more clearly seen in Fig. 5.37, which has been provided by F.
Lojoie (persomal communication, 1982). It contains three short term
«omposites of all available upper level aircraft, satellite wind and
rawirnds for the first part of the intensification period (Fig. 5.37a),
during whicﬁ the central pressure fell 12 mb; the second part of the
intensification period (Fig. 5.37b), during which the central pressure
fell 15 mb; and the initial decay period (Fig. 5.37c), during which
central pressure rose 13 mb. Also, shown in Fig. 5.38 are the
corresponding divergence patterns on the poleward side of Hurricane
Kerry. At the commencement of reintensification, then, a weak
equatorward outflow is present. But the dominant feature is the strong
poleward outflow into the divergent region ahead of an approaching
westerly trough. Intensification continues as the westerly trough
amplifies, the subtropical jet moves past the cyclone, and the outflow
strengthens considerably. By February 20. however, the upper level
trough has moved past the cyclome. Convergent southwesterly flow has
cut off the poleward outfiow channel. Hurricane Kerry begins to decay.

No comparable low level circulation variations were observed during
this time (apart from a general increase in the cyclonic winds). Thus,
these case study results provide good support to our composite

conclusions that interactions with the subtropical jet stream dominate

9]
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in determining intensity changes for tropical cyclomes in the southwest
Pacific regior, It is also notable that following this sequence of
events Kerry sjent a further 10 days over tropical waters (Fig. 5.34)

and continwed to decay. After crossing the coast, Kerry moved back over

the ocean just ahead of an approaching westerly trough and rapidly
intensified fc: a brief period before being destroyed as the trough

impinged upon it.

5.7 Summary

In this c¢iapter we have described a number of features of
hurricanes in the Australian/southwest Pacific region.

We have shown that hurricanes occur almost exclusively between
November and May, with an early season peak occurrence in December.
Hurricanes in the southwest Pacific region them reach a second peak in
February. Those in the northwest Australian region occur most
frequently in JTanuary and March with a distinct minimum in February.

The overwhelm:ngly preferred location is just off the northwestern
Australian coust with a secondary maximum in the southeastern Coral Sea.
Major hurricares display similar characteristics to the overall
hurricane classification. But, notably, nearly half the major
hurricanes in the entire Australian region are found just off the
northwestern Australian coast and make landfall on that coast at or mnear
maximum inten:ity.

Hurricanes in the northwest Australian region move almost
exclusively westward. This is partially due to the general easterly
environmental winds there, and partially a result of higher latitude,

eastward movii g systems being removed by the Australian continent.
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Those hurricanes in the southwest Pacific region have a slight
preference for easiward movemenf, but tie low latituc:, intensifying
systems generally move westward.

We have separately examined the structure of intsnsifying and
decaying oceanic hurricanes (at least 1000 km from tle Australian
coast); of hurricanes just off the east and west Australian coasts; and
of recurving major hurricanes and supertyphoons.

As with the tropical storms in Chapter 4, all ccmposite hurricanes
throrghout the region, and Hurricane Kerry, are very large, have a deep
equatorial inflow, and display a characteristic beta effect distortion.
This is, however, modified by coastal funnelling in - he East Coast
Hurricane.

A comparison of intensifying and decaying ocean: ¢ hurricanes also
showed the dominating influence of the subtropical j¢t. In the
intensifying hurricane, the upper westerlies impinge to within 6°
latitude of the center. Thus, they do not affect th: core region
directly but provide an intense outflow channel to tle southeast. When
the westerlies move over the hurricane (or the hurri:ane moves under the
westerlies) it is sheared off and rapidly decays. Tl .ese composite
conclusions are supported by our case study of Hurri. ane Kerry. In
addition, the composite intensifying hurricane is di .tinguished by a
marked inflow near 400 mb, a stratospheric inflow an: a very weak
vertical wind shear in the lower troposphere.

Burricanes just off the west and east Australia . coasts are
affected considerably by the continent. The climato ogical upper level
westerly trough over the Coral Sea (section 1.2) tenis to weaken east

coast cyclones and move them away from the coast. A:d an advection of
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dry continent.1 air around the northern perimeter tends to cut off the
trorical mois ure supply to these systems. In general, the dryness of
the continent..1 air has little, if any, direct affect on west coast
hurricanes. .lather, these systems protect themselves by maintaining a
strong influx of tropical moisture over much of northern Western
Australia. I: is the hot temperature of the air over the northwestern
deserts that as the major influence. We have shown that this produces
a distinctly :0ld cored structure below 700 mb. Further, as west coast
hurricanes ad--ect the hot desert air off the coast, the normal
meridional teriperature gradient is reversed, and a deep easterly flow is
maintained ac ‘oss the hurricane core. Thus, the observed consistent
westward traj:ctory in this region is at least partially due to the
cyclone/conti.ient interaction.

Our comp .rison of the dynamic features of recurving major
hurricanes an. supertyphoons showed a lot of similarities and some
interesting d fferences. The Australian system is larger and stronger
during intens tification. But it shrinks to the decaying stage whereas
the typhoon g-'ows and strengthens further. The large initial size of
the Australia. system appears to be due to angular momentum imports by a
strong outer ‘egion low level inflow on both poleward an equatorward
sides during 'he pre-storm (Love, 1982) and storm stage. The developing
major hurrica e is also in close proximity to the subtropical jet at all

stages.



¢. TROPICAL CYCLONE INTENSIFICATIO!

Having established some of the major structural :nd climatological
differences between intensifying and decaying systems in the
Australian/southwest Pacific region, and between trop: cal storms,
hurricanes, and major hurricanes, we proceed naturall: to the question
of how and why such differences are established. In Chapter 1 we
defined three separate ''intensity’' modes: intensity (maximum wind
speed or central pressure); strength (average relativi angular momentum
inside 300 km radius); and size (extent of gale force winds or outer
closed isobar). In this chapter we shall first reviev the current
knowledge of mechanisms leading to intensification, s rength and size
changes. We shall then describe the ways in which cy lones can interact
with their enviromment to produce these changes. Fin-.1ly, we shall
discuss the applicability of these conclusions to cyc omne evolution in
the Australian/southwest Pacific region, and propose . temtative model

of the major intensification process.

6.1. Background

6.1.1 The Role of Moist Convection.

""the spirit of CISK as the cooperative intensification
theory is valid and alive’ : Qoyama (1982).

The intensification and maintenance of the high :nergy core of a

tropical cyclone is & very complex process, involving interactions
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between many scales. One mechanism, which has been summarized by Ooyama
(1982) and forns the basis of extensive numerical modelling work, is the
non-linear cocperative interaction between the cyclone and cumulus
scales. Basically, the clouds are arranged into consistent and
organized patterns by the relative vorticity and inertial stability
(rotational stiffness) associated with the vortex. Entrainment into the
clouds drives a secondary circulation with a deep inflow layer in the
low to middle troposphere and a shallow, upper level outflow.
Conservation (f angular momentum then results in a strengthening of the
lower and mid(le tropospheric cyclone and upper anticyclone. Note,
however, that the portion of the secondary circulation drivem by
boundary laye: friction does not contribute directly to intensific#tion
— it provides at best sufficient angular momentum to offset surface
dissipation. It does, however, indirectly aid the intensification
process by su;plying some of the moisture convergence required to
maintain the .onvection. X

The cloucs themselves are crucial to the whole process; they not
only provide he release of latent heat which drives the secondary
circulation, "ut also they support a local recycling of mass. This
recycling serres two functions: the first is to provide warming which,
for a given virtex structure, forces a sufficient secondary circulation
to meintain a thermal balance; and the second is to help the system
preserve ener jetic balance against the secondary circulation export of
moist static :nergy. Gray (1979, 1982) has noted that oceanic
evaporation aid sensible heat flux associated with the primary

circulation a.one are unable to balance the observed export. Gray then

suggested that cloud induced recycling provides the required extra
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energy flux. In essence, he believes that the anticyclonic vertical
wind shear organizes mesoscale cumulonimbus cloud lines; these in turn
extract high enthaipy air from the boundary layer, replace it with low
enthalpy mid-tropospheric air, and thus locally enhance the séa surface
evaporation above that available froﬁ the steady primaiy circulation,
Holland and Black (1983) apd Black et al. (1983) have shown that such
recycling occurred in Hurricane Kerry. However, thougt this is a
necessary ingredient of the intensification process it is probably not a
primary cause.

The character and effectiveness of the cumulus—-cyclone interaction
also changes as the cyclone develops. During the initial stages of
cyclone development, the rotational Froude number (a m¢asure of the
ratio of the characteristic scale of the system to the Rossby radius of
deformation) is much less than unity. Any perturbatiors in the mass
field are largely dispersed by gravity—imertia waves. Recycling occurs
locally and only a very weak secondary circulation can be maintained on
the cyclone scale. During the tropical storm stage, tle Froude number
approaches unity, the convection becomes more organizec, and the
increasing inertial stability restricts the secondary (irculation and
rapidly increases the efficiency of heating in the nascent eye region,
as shown by Schubert and Hack (1982a,b). Schubert and Hack also showed
that, cace formed, the eye and maximum wind region act to stabilize the
cyclone.

Shapiro and Willoughby (1982) have demonstrated tl.e mon-linearlity
of the interaction. They used Eliassen’'s balanced vor ex model
(Eliassen, 1951) to show that a localized heat source or convective

band) outside the radius of maximum winds may cause a :econdary eyewall
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and belt of ma:imum winds to form. This secondary eye wall dissipates
the primary ey: wall and maximum wind region and temporarily causes a
decrease in th: intensity of the cyclone. The cyclone then re—
intensifies as the new band of maximum winds contracts inwards as a
result of acceleration of the wind just inside the radius of maximum
winds — a proc:ss described by Gray and Shea (1973) and Pearce (1981).
Recent observations of this process occurring in tropical cyclones are

provided by Willoughby et al. (1982).

6.1.2 The Role of the Environment.

""all thiigs considered, the most important factors

appear tc be: a) the area influenced by the initial convergence
of very tumid air determining in part the amount of air evicted
upward; t) the temperature of the environment, influencing the
upward ccnvection velocity; and c¢) the facilities for disposal
of air aloft' : Depperman (1947).

Cyclone lormation: Even though the cyclone intensification is
driven by moi:tt comvection and its non-linear interaction with the
vortex, the riéte and extent of this intensification is regulated by the
environment. As Gray (1968, 1975) has summarized, certain minimum
requirements rust be met for genesis and subsequent intensification.
These include an initial surface disturbance; a sea surface
temperature oi at least 26°C and a deep thermocline to prevent cooling
should upwell:ng occur; a minimum latitude of 5° and an enviromment with
cyclonic vort:city to provide the required background absolute
vorticity; & -onditionally unstable and moist enviromment to allow
convection to occur; and a weak vertical wind shear at the disturbance

center to enale the deep convection to provide a coupling between the
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lower and upper troposphere. Such conditions allow :n accumulation of
enthalpy to occur over the surface disturbance.

However, while these provide the usual minimum (onditions, they are
by no means sufficient, McBride and Zehr (1981) comjared composite
developing and non—developing weather systems over tle tropical Atlantic
and northwest Pacific. They concluded that the omly significant
difference was that, in the mean, developing cyclone: are immersed in a
region of stronger low level cyclonic vorticity and : tronger upper level
anticyclonic vorticity. McBride and Keenan (1982), lowever, found that
little confidence could be placed in this differenti:l on a case by case
basis in the Australian region, Love (1982) in a cot bined observational
and modelling study found that tropical cyclone form tion in the western
Pacific Ocean was associated with more vigorous Hadl:y circulations in
both hemispheres. An important component was provid:d by a cold surge
moving equatorwards in the winter hemisphere. This )roduced high
pressures on the equator upstream of the development region, followed by
a down-the-pressure—gradient acceleration of the monsoonal westerlies
prior to cyclone formation., Forecasters in both hem.spheres have also
developed a rule of thumb that anticyclogenesis poleiard of an existing
disturbance, with an accompanying trade wind surge, ras very favorable
for development (Norton, 1947; Wilkie, 1964).

The low level import, and upper level export of angular momentum by
these processes can provide a rapid development of tie type of formation
environment described by McBride and Zehr (see, e.g. Holland, 1983a;
Lee, 1982). But the important question of how oftern such surges occur
without subsequent formation of a tropical cyclone has yet to be

resolved.
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Hurricanes, or very good facsimiles thereof, also occasionally form
in far more acverse conditions than those prescribed by Gray. Since the
advent of satellites a number of hybrid systems have been observed
forming at high latitudes, in baroclinic environments, and with cold sea
surface temperatures (see, eg, Erickson, 1967). Though direct
observations are lacking, these systems develop many of the
characteristic cloud features of hurricanes in the deep tropics (Hebert
and Poteat, 1575). Rasmussen (1979) also indicates that some polar
lows, which fcrm within outbreaks of arctic air, are very similar to
tropical hurricanes in structure and energetics. Yet they form in
highly baroclinic enviromments and over oceans with sea surface
temperatures as low as 10°c!

The major mechanisms leading to the formation of these hybrid and
polar low systems appears to be a marked upper level divergence (usually
associated wit: strong cyclonic vorticity advection) and the advection
of cold air ov:r a warmer (though still gquite cold by normal standards)
ocean surface. Thus, the air/sea temperature difference still maintains
a conditionall’ unstable atmosphere and sufficient sea surface enthalpy
flux for a conrectively active system. The east coast 'bomb’ or rapidly
deepening cyclime (e.g. Sanders and Gyakum, 1980) is a good example of
the importance of these sea to air fluxzes in such circumstances.

Sea_Surfa:e Temperatures and Intensity Change: The air/sea

temperature di ‘ference will also be a major factor in determining the
ultimate possile intensity of the tropical cyclome. As has been
discussed by M:1ller (1958) and Ooyama (1969), the upper level warm core
in the develop:ng cyclone stabilizes the inner convective region. Thus,

for a given ai:;/sea temperature difference and conditional instability
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of the enviromment, a cyclone will reach an intensity at which the core
region is neutrally stable to moist processes. Any cnvective forcing
will then stop. Of course, the actual intensity of tie cyclone at this
stage is a function of both the horizon:al dimension ind magnitude of
the upper tropospheric warm core. Thus, cyclones of lifferent size,
strength and ultimate intensity are possible for the same air/sea
temperature difference.

The interdependence of intensity and air/sea temjerature difference
has led a number of people to suggest that mesoscale :hanges in sea
surface temperature may cause concomitant changes in :ropical cyclone
intensity (see e.g., Perlroth, 1967, 1969). However, Ramage (1974)
strongly disputed this and provided examples of contiauned, or even
commencement of, intensification as typhoons moved ov:r cooler waters.
This is supported by our observations of occasional csclones in the
Autralian region which move hundreds of kilometers inland while still
maintaining a mid- to upper tropospheric hurricane structure. (McBride
and Keenan, 1982, include an example of cyclone Madge which traversed
the entire continent while still maintaining organized convective bands
and an eye.) As Ooyama (1982) has suggested, it is rcasonable to expect
a mature cyclone, which has reached its ultimate intensity for the
current conditions, to change rapidly in response to sea surface
temperature variatiomns. But it is unlikely that a developing cyclone,
and especially one subject to other strong external forcing mechanisms,

will be so effected.

Upper Tropospheric Environment/Cyclone Interactions and Cyclomne

Intensity Change: Holland (1983a) described Lagrangian (moving with the

cyclone) angular momentum budgets for a number of composite northwest
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Pacific cyclone; of different intensities. This research supported the
findings of a nimber of previous authors that the major envirommental
interaction was provided by eddy fluxes in the upper troposphere. We
also showed that the relative positions and movement of the cyclone and
environmental features was important in determining the result of this
interaction.

This upper tropospheric cyclone/environment interaction during
intensificatior is by far the most observed and discussed process in the
literature. A synthesis of the many papers on this topic indicates that
the three synoptic models, two of which are shown in Fig. 6.1, are the
most important for rapid intemsification and/or the development of very
intense system:. We shall only mention each briefly here and reserve a
complete discu:sion of the underlying physics to sections 6.4 and 6.5.

In the fi:st model, which seems to mainly occur in the north
Atlantic, a co.d upper tropospheric low and the cyclone come into close
proximity. This may occur from any combination of development or
relative movem:nt. A sudden filling of the cold low, with strong
outflow from tie cyclone into its center is often associated with rapid
development of an intense hurricane. Riehl (1959, 1979) suggested that
this is due tc a spontaneous collapse of the cold low. A solenoidal
circulation is then generated with subsiding cold air in the low and
rising warm air in the cyclone. The original potential energy is
converted to linetic energy of the overturning solenoid, or secondary
circulation. The cyclone then '’ intensifies’ by a low level import and
upper level e:port of angular momentum (depending on the scale involved

a strength or size change may be the more likely outcome).
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Q. trough

Fig. 6.1. Two synoptic models of favorable subtropical upper level flow
patterns for tropical cyclone intensifica ion (after Sadler,
1978). STR is the SubTropical Ridge, SER the SubEquatorial
Ridge, and TUTT the Tropical Upper Troposjheric Trough.

The second model (Fig. 6.1a) involves the develcpment of a strong
outflow channel to the westerlies as an upper level, subtropical jet
type, trough approaches or develops to the west of tle cyclone. We have
already seen that this is the predominant mechanism :n the
Australian/southwest Pacific region., McRae (1956) aid Ramage (1959)
(see also Tsui et al., 1977) proposed that cyclonic vorticity advection
downstream of this developing, or approaching trough provides mass
divergence over the cyclome. They hypothesized that as a result the
surface pressures fall and the cyclone intensifies. However, no
observations that the upper divergence actually exceecded lower
compensating convergence have been provided. Ramage (1974) further
suggested that the accompanying poleward streaming cirrus cloud is
indicative of a ventilation of excess heat away from the cyclome. This
presumably allows further intemsification by reducing the innmer
circulation subsidence warming (Riehl, 1954), though Ramage did not

elaborate on the underlying mechanisms. We shall exznine this

interaction further in later sectioms.
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As a corollary to this second model, should the cyclome move under
the high speed westeries around this upper trough, its vertical
structure and 1pper warm core will be disrupted. A rapid decay to a
weak, shallow cepression will then occur. We have seen this effect in
the non-develojing tropical storm and decaying hurricane composites of
Chapters 4 and 5.

The third model (Fig. 6.1b) is largely a northwest Pacific
phenomenon in vhich the cyclone moves into an advantageous position
relative to th: Tropical Upper Tropospheric Trough, or TUTT, (Sadler,
1967). Sadler (1967, 1978) noted that this is normally associatéd with
intensificatio:r of the typhoon. Sadler also suggested that the
underlying meciianism was an establishment of two outflow channels, one
to the easterl .es and a second to the westerlies. These supposedly
provide enhanc:d ventilation of excess heat from the cyclone. But, as
with Ramage (1)74), no supporting discussion of how this leads to
intensificatio was given,

Chen (198}) has conducted a detailed global study of outflow
configurations for all intensifying tropical cyclones during the FGGE
vear. His obs:rvation is that most of the intense and rapidly deepening
systems confor: to the above three synoptic models. But the weaker
tropical storms; and minimal hurricanes tend to be associated with a
variety of oth:r upper level flow patterns and generally constrained
outflow configirations.

Dynamic Tistability and Cyclone Intenmsification: In addition to

these synoptic models, the possible development of regions of dynamic
instability hase been investigated by Sawyer (1947), Kleinschmidt

(1951), Alaka (1962), Yanai (1964), and Black and Anthes (1971). In the
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absence of any external forcing mechanisms or source;, conservation of
angular momentum in the outflowing air will produce -egions of strong
anticyclonic vorticity. If this anticyeclonic vortic.ty exceeds the
cyclonic Coriolis component, the outflowing air will become dynamically
unstable (see section 6.4 for a more complete discus:ion) and tend to
spontaneously accelerate outward. The consequential mass divergence may
cause surface pressure falls and cyclone intensifica:ion. Dynamic
instability occurs consistently in numerical models 'e.g., Ooyama, 1969;
Anthes, 1972; Kurihara, 1975; Kitade, 1980). But ex .ensive areas of
dynamic instability have not been observed, despite :areful analyses by
Alaka (1962) and Black and Anthes (1971).

Summary: In summary, then, we have shown that 'revious studies on
the role of the enviromment in intensity change clea:'ly indicate the
importance of interactions in the upper tropospheric outflow layer.

The consensus is that the ’'necessary’ climatological conditions
summarized by Gray (1968), once satisfied, do not di: ferentiate between
weak and intense hurricanes; indeed in some cases hu; ricanes may form
under far more adverse conditions. Further, except ;or the special case
of a hurricane at its ultimate intensity, sea surfac¢ temperature
variations of a few degrees are probably not a major factor in
determining intensity change.

To our knowledge, no one has explicitly described the physical
processes behind strength and strength change; thougl a number of papers
on '"intensity change'’ may have actually been descriing strengthemning.
However, Merrill (1982) has recently examined the siize change process.
His preliminary conclusions were that size change re:ults from a

sustained envirommental interaction in the lower trojosphere.
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We shall discuss this topic further from separate climatologial,

observational ani theoretical viewpoint in the following sectiomns.
6.2 Climatology

At this stage of our investigation we have not been able to develop
a climatology of tropical cyclone size or strength change in the
Australian region. Further, as we have previously noted in section 2,
data deficiencies prevent an adequate documentation of cyclone
intensities over the southwest Pacific region east of 165°E. Thus, we
limit our presentation here to a clinical description of the intensity
and intensity change features of tropical cyclones in the Australian
region (west of L65°E). A discussion of possible physical processes

behind these features will be given in sections 6.3 and 6.4.
6.2.1 Intensity and Intensity Change.

The maximum intensity distribution for tropical cyclomes over the
Australian region is shown in Fig. 6.2. The distribution curve gives
the number of cyclones with minimum central pressures lying in
overlapping 5 mb bands (1 mb resolution), and has also been smoothed by
a running 5 poirt mean. We see that over the entire region 45% of
tropical cyclones reached hurricane intensity and 15% became major
hurricanes. The proportions for the north/west Australian region and
the southwest Pacific taken separately are similar. However, in the
north/west Australian region most tropical storms are found in the Gulf
of Carpentaria and most hurricanes off the northwest Australian coast.
Hurricanes with central pressures less than 940 mb also occurred

exclusively off the northwest Australian coast; the corresponding lack
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Fig. 6.2, Maximum intensity distribution of tropica. cyclones in the
Australian region. The ordinate gives th: number of
observations in 5 mb bands and the curve 1as been smoothed
by a 5 point running mean.

of very severe cyclones over the Coral Sea may be reil or it may be a

result of the possible data bias in this region desc:ibed by Holland

(1981).

Of particular interest in Fig, 6.2 is the preseice of three
distinct peaks at 990, 970 and 950 mb. The location of these peaks
precisely at the ten millibar values is probably due to a propensity for
analysts to round off the maximum intensity values (10te, for example,
the small peak at 980 mb). Nevertheless, we conside: that the general
increase in occurrence near 970 and 950 mb is meteorslogically
significant and shall consider this feature further .n section 6.5.

Figure 6.3 contains the maximum intensity distr bution of origin

latitude. No trend can be discerned‘in the north/we it Australian

region, and in the Coral Sea region the wide scatter and small number of
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data points prevent us from attaching any statistical significance to

the trend for nore intense cyclones to originate at lower latitudes.

However, signijicant trends emerge if we separate tropical storms from

hurricanes and plot minimum central pressure against origin latitude.

As may be seen in Fig. 6.4, the most intense hurricanes tend to

originate arou:d 10°S in the Coral Sea region and at a higher latitude

of 15-18°S in the north/west Australian region. Notably, in both
regions cyclon:s which originate at very low latitudes do not become as
intense as those which originate at higher latitudes.

As shown in Fig. 6.5 there are also significant trends in the
maximum intensity distribution of intensification period and mean

intensificaticn rate (from origin to maximum intensity). Comparing

tropical storms (980-995 mb) to major hurricanes (< 960 mb), we see that
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the major hurricanes typically take twice as long to reach maximum
intensity and also intensify at three times the rate of tropical storms.
Because of the limited data points, neo statistical significance can be
placed on the trencs below 940 mb; yet it is interesting that below 970
mb the time to maximum intensity, and the intensification rate curves
are distinctly out of phase. This implies that either the ultimate
intensity of each cyclone was somehow predetermined (regardless of
intensification rate), or that whatever processes cause rapid
intensification also hasten the eventual destruction of the cyclome. We
shall return to this important point in section 6.4.

The latitudinal distribution of the local rates of intemsification
(6 hour resolution and exclusive of landfalling storms) of those
cyclones which became hurricanes is shown in Fig. 6.5. In both regions
decaying systems dominate polewards cf 22°S. In the Coral Sea region
the average intensification rate is essentially constant equatorwards of
20°S, whereas in the north/west Australian region a significant maximum
occurs between 15-20°S. By comparison, tropical storms (not shown) also
have a preponderance of decaying systems polewards of 20°S. But
equatorward of this latitude they exhibit an almost zero net
intensification rate, a result of deepening and filling systems
occurring in nearly equal proportions. Thus, while hurricanes typically
decay in the subtropics, a large proportion of tropical storms decay
over the tropical oceans.

The mean meridional and zonal motion for tropical storms and
hurricanes is contained in Table 6.1. In both regions hurricanes move
more rapidly westward than tropical storms, and in the southwest Pacific

tropical storms tend to move eastward doring intensification.
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Surprisingly, hurricanes in both regions move poleward faster on an
average than tropical storms. Revelle (1981) obtained different results
for the entire southwest Pacific from 1969-1979. He found that tropical
storms (which he defines as being greater than 25 ms-_1 maximum wind

1 while

hurricanes move westward at 0.8 ms--1 and poleward at 1.9 ms—l. As we

speed) moved ezstward at 3.6 ms_1 and poleward at 2.6 ms

have already shown in section 4.1, this difference is due to the
distinct increese in poleward and eastward motion for tropical storms

east of 165°E.
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TABLE 6.1

Mean zonal (V_) and meridional (V) motion (m s_l) during the
intensification period of tropica§ storns and hurricanes in the
north/west Australian region and southwest Pacific region west of 165°E.

REGION INTENSITY MOTION

Ve N
North/west Tropical Storms -1.1 -1.0
Australian Hurricanes -2.0 -1.5
Region
Southwest Tropical Storms 0.5 -2.0
Pacific Region Hurricanes ~0.6 -2.4

West of 165°E

A quite important finding of this study is the distinction betweern
track types and cyclone intensity shown in Fig. 6.7. This figure
contains the maximum intensity distribution of four of the five track
types defined in section 1.1. The southward moving cyclones were very
few in number and thus not included. We also required that the
recurvature point for recurving cyclones be near th¢ point of maximum
intensity (if not the cyclone was placed in one of the other categories,
i.e. a recurving cyclone in which recurvature occurred three days after
maximum intensity would be classified in Fig. 6.7 ax a westward moving
cyclone). We see that tropical storms are comprised of roughly equal
numbers of recurving, westward and eastward moving, and erratic
cyclones. But most of the hurricanes, and almost all the major onmes,
came from the recurving category. In addition, many of the westward
moving hurricanes displayed evidence of missed recurvature during

intensification. This provides further confirmation of our composite
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study conclusions that the intensification to hurricane or major

hurricane stage occurs during an interaction between the cyclone and an

approaching westerly trough.

6.2.2 Rapid Intensification

Periods of extreme rapid intensification are certainly
underestimated in the Australian region. This results from the almost
universal use since 1966 of satellite techniques (Andersonr et al., 1974;
Dvorak, 1975) in which intensity change is limited as much as possible
to two or three characteristic rates. Hence, using the Dvorak (1975)
rapid intensification curve as a basis, we define rapid intemsification
as any period in which the central pressure fell by at least 6 mb in a 6

hour period and a rapid intensification cycle as the period in which the
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central pressure continued to fall at a minimum rate of 6 mb for
subsequent 6 hour periods. The distribution of total central pressure
fall during these rapid intensification cycles is shown in Fig. 6.8. A
large number of single event 6 mb falls were recorded; and some of these
were quite suspect, occurring at landfall or as the cyclone crossed an
observation point. The largest sustained rapid pressure falls were two
observations of 48 mb over periods of 36 and 42 hours; nothing even
approaching the occasional northwest Pacific pressure falls of 40-90 mb
in 24 hours (Holliday and Thompson, 1979) has been recorded in the
Australian region.

The distributions of central pressure, latitud:, and month at which
rapid intensification commenced are shown in Figs. ¢.9, 6.10 and 6.11.
Rapid intensification typically started around 995 mb for both single
and multiple period cycles and in 75% of cases ender within 12 hours of
maximum intensity. A secondary peak may be seen at the 970-975 mb
central pressure band and almost no rapid intemsification cycles began
below 970 mb. The mean latitude of commencement is near 15°S and the
diétribution is skewed towards higher latitudes. All of the low
latitude observations occurred in the early or late part of the season,
but the general distribution is normally distributec. throughout the
season.

The mean and median cyclone speeds at the start of rapid
intensification were 4.1 and 3.6 m s_1 respectively,; these are slightly
slower than the mean speed of all hurricanes. With regard to direction
of motion: 41% recurved within 24 hours of the rapid intemsification
cycle; 10% displayed evidence of a missed recurvature; 16% moved

continuously westward; 21% moved eastward, the majority of which
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Fig. 6.8. Distribution, in 6 mb classes, of total falls in central
pressure during rapid intensification cycles for Australian
region hurricanes.

accelerated by more than 5 m s 1

within 24 hours of the rapid
intensification cycle; 6% moved continuously southward; and 6% were
distinctly erratic. These proportions are quite similar to the

hurricane distribution in Fig. 6.1, an expected result since most

hurricanes experience a period of rapid intensification,

6.3 The Physics of Cyclone/Enviromment Interaction

The manner in which a cyclone will respond to a given envirommental
(or internmal) forcing is believed to be dictated by its basic structure,
with the dominant features being the ratio of imertial to static

stability and, to a lesser extent, the baroclinity.
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Physically, if we have an axisymmetric system, parcels leaving a
constant forcing region {(Fig. 6.12) are able to move horizontally or
vertically depending on the inertial ard static stabilities, For
horizontal motion the radial gradient of angular momentum will cause an
acceleration in the azimuthal wind speed, an increase in the
cyclostrophic aad Coriolis forces and a resistance to further horizontal
motion (we mneglect for simplicity the transient features of the
geostrophic adjustment problem). The vertical density stratification in
a statically stuble atmosphere will also resist vertical motion. Mass
continuity, however, requires that a circulation be completed. Then, as
shown in Fig. 6.12, the induced circulation is determined by the
relative effects of the imertial and static stabilities. For a

relatively weak inertial stability a lomg horizontal circulation will

occur and the effects will be felt some distance from the forcing
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regions. A relatively strong inertial stability, however, will

constrain the circulation to the near vicinity of thke forcing. A

similar result to that shown in Fig. 6.12 will occur for a vertical

forcing, such as a heat source. As has been shown by Eliassen (1951),

baroclinity will also tilt the circulation axes in Fig. 6.12 as parcels

tend to follow the sloping isentropic surfaces. Boundary conditions
will further distort the circulations, as may be seen in the work of in

Willoughby (1979), Schubert and Hack (1982a) and Shapiro and Willoughby

(1982).

As an example let us consider the Large Northwest Pacific Typhoon
in Fig. 6.13 (Merrill, 1982). This is almost identical to the oceanic

hurricane described in Chapter 5, and has a basic structure which is
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Fig. 6.13. AxisZTmetric vertical cross-section of azimuthal winds
(m 3 7) in the Large Northwest Pacific Typhoon.

typical of all hurricanes (eg. Gray, 1979). Core region winds were
added to the axisymmetric cross section in Fig. 6.13 by presuming a

1 4t 50 km radius and 850 mb. The

maximum wind speed of 40 m s
azimuthal winds were then interpolated to a 10 km by 30 mb grid using a
5 node bicubic spline.

The resulting inertial stability cross—section (obtained from Eq.
A3.15 of Appendix 3) is shown in Fig. 6.14. Note how the lower levels
are remarkably stable out to a large radius, whereas the upper levels
are only weakly stable. Since the static stability (not showa) is
essentially constant up to the stratospheric 'lid’', this varying

inertial stability characteristic provides a definite comstraint on the

secondary circulations which can arise from any imposed forcing. For
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example, we would expect a low level environmental forcing at, say, 8°
latitude radius to effect only the outer circulation. A similar upper
level forcing may produce an effect in the central region.

A semi-quantitative indication of the likely response to such a
forcing may be obtained from a diagnostic solution ¢f Eliassen's (1951)
balanced vortex equations as described in Appendix 3. These equations
form the basis of early balanced hurricane models (Coyama, 1969;
Sundqvist, 1970) and have been used by Willoughby (1979), Challa and
Pfeffer (1980), Smith (1981), Schubert and Hack (1962a), and Shapiro and
Willoughby (1982) to examine secondary circulations and balanced
response to sources of heat and momentum. We say semi-quantitative
because the results are strictly applicable only to a balanced,

perfectly axisymmetric system. Willoughby (1979) huss shown that the
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lower level imner circulation is axisymmetric to a first approximation.
But the upper levels, and in many cases the outer circulation, are often
highly asymmetric. We shall consider the effects of these asymmetries
presently, but at this stage will confine our discussion to the response
of an axisymmetric vortex to a core region heat source, and to outer
region upper and lower momentum sources.

Core Region Heat Source. The secondary circulation response to an

imposed heat source of maximum 10K/day and distributed as shown in Fig.
6.15 is given in Fig. 6.16a. In agreeement with earlier work by
Willoughby (1979), we see that two gyres are formed: with subsidence in
the eye region, ascent in the heated region, and subsidence outside. As
we have intimated in our previous discussion of moist convective
interactions, a deep low level inflow layer and shallower, more intense
upper outflow layer is established. Of most interest, however, is the
horizontal constraint on the outer circulation by the high inertial
stability. Strong subsidence occurs just outside the heated region and
the radial circulation becomes negligible beyond 2-3% latitude radius.
Similar results have been obtained by Smith (1981).

Environmental Forcing: The response to an environmental imposition

of an upper level outflow is simulated by the upper momentum forcing
profile in Fig. 6.15. The maximum amplitude was chosen so that a radial
outfiow of 1-2 m s_1 was generated at 190 mb and 6° latitude radius.

The resulting secondary circulation is shown in Fig. 6.16b. Notable
features are the long shallow outflow layer, the deep inflow layer, and
the inflow in the stratosphere. This envirommental forcing has a
substantial effect on the core region, even to the extent of generating

upper tropospheric and lower stratospheric subsidence in the eye region,
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Fig. 6.15. Distributions of heat and momentum sources used in

diagnosing the hurricane responses shown in Fig. 6.16.

By comparison, a lower level forcing with the same distribution

(Fig. 6.15) produces a different response. As may be seen in Fig.

6.16c, a stronger radial flow occurs at 6° radius. But the high

inertial stability in the lower troposphere (Fig. ¢.14) restricts the

extent of the envirommental forcing and its direct influence on the core

is relatively small. If moist processes were included in a

conditionally unstable atmosphere, this extent would probably be less.

6.4 Synthesis: The Intensity Change Process

6.4.1 Axisymmetric Effects

As we have discussed in section 6.1, moist convection is the

primary driving mechanism in hurricane intensification. But there is

substantial and comvincing evidence that the rate ¢f intensification,

and ultimate intensity, are largely controlled by the environment.
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Previous studies, including those of hurricane—-like subtropical and
polar low systéms, together with our Australian region climatology,
composite study of developing and major hurricanes and model diagnosis,
indicate that for intemsification the most effective
cyclone/environmental interaction occurs in the upper tropospheric
outflow layer. By comparison, these observations, plus the preliminary
investigation by Merrill (1982), indicate that size change results from
interactions in the lower troposphere.

The diagnosed secondary circulations from our application of
Eliassen’s balanced vortex equations are summarized in Fig. 6.17, and
Fig. 6.18 also contains a schematic summary of the major secondary
circulation features in intensifying systems over the
Australian/southwest Pacific region., Taken together, these secondary
circulations indicate that the above synoptic conclusions may be
physically valid, at least insofar as linear envirommental interactions
with the axisymmetric component of the hurricane circulation is
concerned.

As we have shown in Fig. 6.17, the strong lower level inertial
stability inside 200-300 km constrains the horizontal extent of the
secondary circulation response to a core region heating. By specifying
a heated region of 50-150 km radial extent we produced a secondary
circulation which was negligible beyond 250~-300 km. A narrower heat
source in the eyewall region would produce a much more constrained
circulation. Thus, even though the observed inner region outflow
maximum in Fig. 6.18 may be convectively driven, the long sustained

outflow and secondary outer region maximum cannot be so explained.
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region tropical cyclones,
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We also believe that this constrained circulation response causes
the donut shaped subsidence reégion whica surrounds (the eyewall at the
end of the intensification stage of many intense hurricanes.

Since the inertial stability in a hurricane decreases with height
and the static stability increases at the tropopause, the hurricane
response to an upper level environmental forcing is quite different from
that at lower levels. As we show schematically in Fig. 6.17, the upper
level forcing extends a secondary circulation into the inner region of
the cyclone. It thus may affect the core region directly by providing a
long outflow channel, a mid to upper tropospheric inflow, and possibly
by warming due to lower stratospheric inflow and enhanced subsidence in
the eye. If the forcing is increasing with time a sustained upper level
divergence may be also maintasined over the hurricane core. Further, if
we combine the secondary circulations arising from this upper level
forcing and the core region heating a close approximation to the
observed mid to upper tropospheric circulation in Fig. 6.18 is achieved.
The subsiding branch is then well removed from the core region and
spread over a wide area. Then long wave radiational cooling can
effectively balance the subsidence warming, and the debilitating effect
of excess subsidence drying near the eye is removed. Differential
angular momentum transports between the outflow layer and the radial
inflow response near 400 mb (Fig. 6.18) will also generate the observed
strong upper tropospheric vertical wind shear (e.g., Fig. 5.10). This
helps maintain and increase the observed warm core maximum near 300 mb.

By comparison our model results and observations in Figs. 6.17 and
6.18 indicate that a low level environmental forcing does not directly

affect the core region, Rather, it provides an import of the
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substantial amount of angular momentum needed to provide the quite large
(by other ocean basin standards) size and strength of the intensifying
Australian/southwest Pacific region tropical storm and hurricane. A
linear combination of this low level envirommental forcing and the core
region comvection produces little, if any, extra effect. However,
following the work of Schubert and Hack (1982a,b), the concomitant
increase in inertial stability helps to organize the inmer region moist
convection. It ulso increases the efficiency of primary circulation
ajustment to the convective heating. Thus, the outer region size change
may lead indireculy to a strengthening and intensification of the
tropical cyclone.

Recent numerical modeling results by Challa and Pfeffer (1980)
provide some confirmation of these diagnostic results. They used
Sundqvist’s (1970)) axisymmetric model (which is based on Eliassen's
balanced equations) to examine tropical cyclone intemsification under
different imposel envirommental forcing profiles. Though their
discussion centered on asymmetric effects, their modelling results
really were a response to an axisymmetric forcing. An upper level
axisymmetric forcing, then, produced an intensity change with very
little size change. In contrast a low level axisymmetric forcing
produced a substantial size change, consequential intensity change, and
development of & much stronger system. Compared to a reference run
without forcing, Challa and Pfeffer found that the enviromment forcing
produced a more rapid intemsification and more intense systems. They
also noted that even with subcritical sea surface temperatures (and
presumably weakcr convection) intensification could be maintained by the

environmental f:rcing.
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6.4.2 Enviromnmental Forcing and Asymme:ric Effects

Since the observed secondary circulations in in:temnsifying tropical
cyclones require scme form of upper tropospheric, outer region forcing,
we proceed naturally to the question of how this can be achieved. Other
important questions involve the validity of our lineir, axisymmetric
diagnosis, the effects of asymmetries, and the mechaiisms whereby the
core region and enviromment become coupled. A compl:te answer to these
questions requires far more research than we have doie in this study,
together with better outflow layer observations. Hovever, our present
knowledge does enable us to speculate on some of the more likely
processes.

Low Level Forcing: Let us first consider the 1w level inflow into

the outer regions of the intensifying storm (Fig. 6..8). We have shown
in Chapters 4 and 5§ that this is maintained by a com»>ined equatorial
influx from the monsoonal westerlies and a subtropicil influx from the
trade wind easterlies.

Love (1982) has examined the role of the equato:-ial surge in the
establishment and development of pre-tropical storm lepressions. He
proposed, and produced convincing supporting evidenc:, that this
resulted from a surge originating in the winter hemi phere. The basic
argument is that the cold winter hemisphere surge cr ates a high
pressure region over the equator. In these low lati udes, an
unbalanced, down the pressure gradient surge is then developed which
extends into the vicinity of the incipient depressio . Subsequent
pressure falls in the developing disturbance could a so help maintain or

enhance such a process,
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The initiation of the subtropical trade wind surge has long been a
forecasting rule for tropical depression intensification in the
Australian regior. (e.g., Wilkie, 1964). It is a guite tramsient effect
associated with :trong anticyclogenesis poleward of the depression.

Both inflow mechanisms seem to be operating equally im our
composite tropic.il storm of Chapter 4. But this is probably an artifact
of the compositig process. It is more likely that the equatorial surge
will be more important in low latitude systems and the trade wind surge
will predominate at higher latitudes.

Upper Level Forcing: A number of forcing mechanisms may operate in

the outflow layer of tropical cyclones and thus comtribute to the
observed variety of outflow configurations around the world (Chen,
1983). We shall only consider three. The first is the subtropical
jet/cyclone outflow interaction, which we have shown to be the
predominant mectanism in the Australian/soutbwest Pacific region. The
second is the development of regions of imertial instability, which
seems to be the main mechanism in numerical models. And the third is
the weaker equa.orial outflow, which we have also observed in our
composite study

A plausibl: explanation for the development of the poleward outflow
jet lies in the reduction of inertial stability and the divergence
fields associat:d with the subtropical jet. The high speed westerlies
moving into nea: proximity with the cyclone core develop a strong
anticyclonic sh:ar and substantially reduce the already weak inertial
stability on th: cyclone’s poleward side. They may even produce

transient regions of instability, though these have never been observed.
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Following our observations of Hurricane Kerry :n Figs. 5.37, 5.38,
a possible interaction scenario might fnllow the scl.ematic depiction in
Fig. 6.19. Substartial divergence will develop in ~he hatched region
when an anticyclonically curved jet strcak lies sou:heast of the
incipient hurricane (McRae, 1956). Should there be a concomitant
amplification of the upstream trough and movement towards the cyclone,
this divergence will be further enhanced (Ramage 19:9, 1974). In the
statically stable, low inertial stability atmospher« which the
juxtapositioning of the cyclone outflow and subtrop:cal westerlies has
developed, this divergence can be partially compensi.ted by horizomntal as
well as vertical motion. Thus, the cyclome outflow turms, accelerates,
and forms a strong outflow channel into the divergent region. The
initialization of this outflow channel may be aided by a tramnsient
establishment of an inertially unstable region betw:en the cyclone and
subtropical jet. But once the channel is establish:d the inertial
stability actually increases slightly.

As we show in Fig. 6.20, the compensating retu:n flow temds to
occur immediately above and below this shallow outf.ow channel.

Thus, even though the cyclone/enviromment inte:action is qguite
asymmetric, our simple axisymmetric diagnosis in th: previous section
appears to be physically valid. Note, however, tha: much of the
compensating motion for the divergence region in Fiji. 6.19 is actually
provided by the westerly winds and nearby vertical notion. But, there
is also a large volume reduction from the interacti»n region to the
cyclone core. Hence, only a very small proportion »>f the interaction
region mass flow is required to produce a substantiil core region

response. From an axisymmetric viewpoint, an othervise uncompensated



159

Am>lifying N\
Trcugh X\J

Fig. 6.19. An illustration of the manmer in which the subtropical
wesierlies and cyclone may interact to produce an extended
poleward outflow channel.
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Fig. 6.20. Meridional cross—section poleward of the Pre-hurricane
Trojical Storm showing the marked lower stratospheric and
400 mb return flows above and below the divergemnt flow at
200 mb.
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lms 1 variation in radial wind at an interaction radius of 6° latitude
would induce a 10-12 m s_1 radial wind et the maximam wind radius.
Hence, almost undetectable axisymmetric outflow variations in the outer
circulation could still be responsible for large ey: region changes.

There are, further, probably non-linear interactions which could
not possibly be discerned in an axisymmetric model. Because of the
scales involved, the initial coupling must occur by a chance interaction
between initially independent systems. But once th: coupling occurs the
subtropical and cyclone systems may interact to their mutual
enhancement. For example once the outflow forms it will provide strong
warm air advection ahead of the trough, which, together with the warm
cyclone core, can enhance the baroclinicity of the zold upper level
trough. Confluence between the cyclone outflow and westerlies may also
provide a strong frontogenetic influence. Thus, baroclinic, or
barotropic, processes may amplify the upstream trouzh, which increases
the downstream divergence, which further enhances tie outflow channel,
and so on, It is also possible that the warm cycloze outflow could
initiate a perturbation in the nearby upper level sibtropical westerly
flow.

Studies of intensity change by advanced numeri:al models have
relied almost entirely on internal processes and ha'e certainly produced
intense lurricanes.. As has been shown by Anthes (1:72), these hurricane
models develop an asymmetric outflow, with strong j:ts, by generating
regions of inertial instability. Kitade (1980, Fig 14) shows that
large areas become unstable and DeMaria (1983) find: that the local
anticyclonic vorticity may approach twice the magni :ude of the Coriolis

vorticity. Yet, even though the ocutflow region is nly weakly stable in
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nature, there has been no proof that large areas of instability develop:
Alaka (1962) pre:ented a detailed analysis of the outflow layer of the
developing hurricane Carla and could find at best very small, and
presumably transient, instability regions; Black and Anthes (1971) found
none. It is pos..ible that the strong outflow near 2% 1atitude radius in
Fig. 6.18 is pariially due to inertial instability in the unresolved
core region. Th.s possibility is supported by the associated strong
inflow maxima near 400 mb and in the lower stratosphere which would be
the expected resyonse to a forced outflow at 150-200 mb. But it is
highly unlikely :hat the observed outer region outflow arises from
sustained inertiil instability. The logical conclusion, then, is that
without any envirommental interaction, numerical models must take the
alternative, and presumably more difficult, path of developing large
regions of instability.

In addition to the major poleward outflow channel, our
Australian/southvest Pacific region composites also display a weaker,
high level equatorward outflow. This seems to be a consistent feature
of most tropical cyclones in all ocean basins. Chen (1983) has shown
that for the FGGE year at least 50% of all tropical cyclones had some
form of equatorward outflow channel.

Taken alone, this is a physically reasonable result, Other things
being equal the inertial stability should be weaker on the equatorward
side. Thus wealer envirommental features, such as an equatorial
easterly jet, meéy induce a strong response. However, the convective
feeder band emarating from lower latitudes will also contribute to the
maintenance of ‘his equatorward outflow jet. Lee (1982) has shown that

the total conve(tive effect in tropical cyclomes is a downgradient
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rearrangement of angular momentum. Essentially, lcwer level cyclonic
angular momentum is deposit in the uppe: outflow lesyer. Lee also
presented a trajectory analysis of the »utflow regions of a composite
northwest Pacific typhoon and showed a southwesterly ‘jet’' with air
flowing across absclute angvlar momentum surfaces. Since this jet also
lies over the general position of the major equatozrial feeder band, Lee
arrived at the reasonable conclusion that the convective cells maintain
an infusion of more cyclonic air from below. This continuous source
then allows the air to flow across the absolute angular momentum
surfaces.

Both our observations and the modelling results of DeMaria (1983)
provide confirmation of these conclusions. DeMaria conducted two
parallel experiments, one with and one without momentum transports in
his cumulus parameterization scheme. With momentur transports a strong
equatorward jet developed over the major feeder band. Without such
transports a weaker and more constrained outflow resulted.
Observationally, it is notable that our composites show 2 weak
equatorward outflow concentrated near the tropopaus: where the deep
convective detraimment is largest., It is also strongest over the mean
convective region (as indicated by the 500 mb moisture fields) and

weakens rapidly on leaving that region.

6.5 Summary

In this chapter we have investigated the major mechanisms
associated with the intemsification and decay of tropical cyclomes in

the Australian/southwest Pacific region.
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Following Merrill (1982) we have separated tropical cyclome
intensification inoto three modes: an acceleration of the maximum winds
with no change ir outer circulation, which we refer to as
intensification; an acceleration of the outer circulation with no change
in maximum winds, which we refer to as size change; and an overall
increase of relative angular momentum in the core region, which we refer
to as strength clange. We have shown diagnostically and observationally
that size, strenjth and intensity change arise from different
environmental prccesses. Specifically: inner core convection and upper
tropospheric counlings with the environment can directly affect
intensity change lower level couplings can produce an initial size
change followed )y a non-linear feedback and eventual strength and
intensity change . The dominant parameter in producing these
differential resjonses is the variations of imertial stability within
the cyclone.

In our observations for the Australian/southwest Pacific region, we
find agreement with recent work by Love (1982) and earlier forecasting
rules (e.g. Wilkie, 1964), that the early intensification period follows
a size change from low level cyclone/environment interactioms;
specifically by surges from the monsoonal westerlies and trade wind
casterlies. Intensification past the tropical storm stage, and
particularly the development of major hurricanes, seems to require a
favorable coupling with the subtropical jet stream, This coupling is
similar to that described by McRae (1956) and produces a long sustained
outflow channel to the southeast., The observed coupling requires a

precise juxtapo:itioning of the cyclone and subtropical jet. Should



164

they be too far apart, a coupling will not occur. Should they approach
too closely, the cyvclone will be destroyed.

By comparison. we have noted that numerical m)dels, which do not
have the above environmental interactions, tend to create outflow jets
by the development of large regions of inertial instability. Except,
perhaps, for the inner core region, such inertiall,; unstable regions
have not been observed in nature.

Substantial questions still remain on the lincages and highly non—
linear and asymmetric processes which accompany th:se c¢yclone/moist
convection/environment interactions. These are th: topic of ongoing

research,



7. TROPICAL CYCLONE MOTION

"*Some vill be found to be relatively simple

systems moving straight away under a definite

wind an] pressure pattern that is not changing.
These are easy, but there are others so complicated,
so buff:ted by changing currents or opposing

forces, that forecasting is very uncertain and
trying’ : Norton (1947)

Tropical cyclone motion is a complex, non—linear geostrophic
adjustment process which results from an interaction between the cyclone
circulation, the envirommental wind field, the earth’s vorticity field,
the underlying sirface and the fields of moist convection. Though the
detailed physics, and particularly the non-linear interactions, are
poorly understooc at this stage, we have recently indicated (Holland,
1982, 1983b) tha: the dominant mechanisms appear to be the interactions
with the enviromiental wind field (including asymmetries) and with the
earth’'s vorticit:r field. In this chapter we shall summarize and extend
this preliminary theoretical work and discuss the results in terms of
tropical cyclone observations in the Australian/southwest Pacific
region. No atteapt is made to completely survey the considerable
literature on this topic. For the interested reader, excellent surveys

may be found in 3jeorge and Gray (1976), Bureau of Meteorology (1978),

WMO (1979) and Chan {1982).
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7.1 Background and Theory

7.1.1 TIsolated, Axisymmetric, Barotropic Vortex on a  Plane
With no Friction

The frictionless horizontal equations of motior in cylindrical

coordinates are given by

2
du  v© - _ ., 9p
at . fv @ 5; (7.1)
dv | uy - - @dp
dt * T + fu r 00 (7.2)

where u, v are the radial and azimuthal wind compon¢nts and the other

symbols have their usual meaning (c.f. Appendix 1).

Let us first consider an isolate vortex which las both axisymmetric
wind and pressure fields. Since the Coriolis force f varies with
latitude this vortex cannot be in gradient wind balince. If we let
gradient wind balance be satisfied due east and WéS' ¢f the center, tlern

trom Eq. (7.1), if{ we let fo be evzluvated at the cyclone center and

assume a constant [ = Eo'
-
du v ¢p
== 7+ (f 4+ f rcos€)v - o
ot i ¢ O [

= vﬁ(rcose
B

«
-1

Then, the vertex will experience an outward radial -.cceleration ip its

i
poleward secteor sand aun itward radial acceleration iu its eguaterward
scctor from the unbalanced Coriolis force. The mpet result is & polewnrd

seceleraticon of the vortex. If we integrate Kg. (7.3) over the voertex

demain we goti a poleward acceleration per unit mass given by
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R

a = -2 [ vrldr (7.4)
2
nR” o

where R is the racial extent of the vortex. This is the result obtained
by Rossby (1948), and which has been used for many years to explain the
observed poleward drift of cyclonic vortices and equatorward drift of
anticyclonic vort:.ces. However, the result is merely a geostrophic
adjustment to an .nitially unbalanced vortex and there appears to be mno
evidence that atm)ispheric vortices actually exist in such a continuous
state of imbalanc:.

Let us therefore consider an axisymmetric vortex that is in
gradient balance. From Eq. (7.1) this implies that the radial pressure

gradient varies azimuthally according to

2
a %E = Y3 fyv+ vp rcos@ (7.5)
T r ) o

hence if we assune no horizontal density variatioms and take an

azimuthal derivative, and a radial integration:

R
dp L .
(a 89)r=R = 5051n9 £ r v dr (7.6)
substituting Eq. (7.6) into (7.2) and noting v = o we have
R
dv _ sing
it B, "R [ rvdr (1.7)

(o]

and since there are no advective terms (u, 3v/80 = ) the LHS is equal
to the local time derivative. We can see from the sin © term on the RHS
that the acceleration is cyclonic to the west and anticyclonic to the

east. Thus, the initial effect on the vortex in this case is to move it

westward.,
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If we presume that the vortex remains in a bal:inced state the beta
plane effect can be more easily seen from the vorticity equation. We
start with the frictionless, divergent barotropic vorticity equation in

cylindrical coordinates

vag o & orw By, (7.8)
r 30 nB r ar a0

where § is the relative vorticity and v, the meridional component of
wind speed. Then, for a symmetric vortex on a beta plane we have zero

u, 3§/89 and divergence (3ru/dr + 9v/80), and

8 _

at n"o
+ vB sin® (7.9)

The sin O term provides a cyclonic vorticity cliange to the west and
anticyclonic to the east. Thus, the vortex initial!y drifts westward
and we have the same result as for Eq. (7.7). The cquivalence between

Egs. (7.7) and (7.9) may be seen by first noting th:.t, for our

axisymmetric vortex § = % %i}. Then, from Eq. (7.9
9 13y _ .
at r or vV B,sin®
or
] arv .
4o )
Py ( at ) v r Bos1n
and hence
v _ 5in@
It BO R £ r v dr

which is the same as Eq. (7.7).
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The advantage of using the vorticity equation is that following the
approach suggested by Holland (1983b) we can explicitly calculate the
initial speed and direction of motion of the vortex (pon-limear effects
will be considerec¢ later). To do this we assume that the vortex will
move toward the recgion of maximum vorticity change. The direction and

speed of motion w .11 then be given by the solutions to

2 88, . (7.10)
a0 (ot 0
3§
- 8§, ,, s
V, = - IGD /(az”em (7.11)

where Om is the solution to Eq. (7.10)}, §s is the vorticity associated
with the symmetric vortex, and the prime indicates that any azimuthally
symmetric terms, which can alter the size, strength or intensity but not
the initial moticn tendency, have been neglected.

We next assime that the tropical cyclone may be approximated by a
modified Rankine vortex. (A justification for using the Rankine vortex

may be found in ..ppendix 4.)  Then:

X

ve = c/r 0T, 0 <(x<0.8 (7.12)
L A vy > 0 Northern Hemisphere
v < 0 Southern Hemisphere (7.13)

where u and v are the radial and azimuthal wind components of the
symmetric cyclore; ¢, x and y are constants which define the intensity,
radial profile thape and divergence for the cyclone; and . is the

radius of maximm winds. If we substitute Egs. (7.12) and (7.13) in the
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For a uniform basic current the radial dependence arises solely from the
interaction between the vortex and the gradient of e:srth vorticity.
Hence we can also simplify our discussion, without lcss of generality,
by only considering an isolated axisymmetric vortex ¢n a beta plane.

For a vortex we use the axisymmetric portion of the AUSO5 oceanic
hurricane (Appendix 2) shown in Fig. 7.2. The 800-3(0 mb azimuthal wind
profile is approximated by

v = c.r ¥ - c. oY (7.22)

¢, = -7,218, y = 2.0, ¢y = -4.4 x 10"]2, and a2 maximum

wind of 40 m s~1 at a radius of 32.6 km is assumed. This profile is

where x = 0.5,

almost exactly a modified Rankine vortex inside 200-400 km. Outside

this region the ¢ ¥ term compensates for the tendency of the modified

2
Rankine vortex to overestimate the actual winds. As we show in Appendix

4, Eq. (7.22) can approximate the actual wind profiles very well,

Outer Region Distortion and Induced Poleward Motion: Figure 7.3

shows the local vorticity changes resulting from applying Eq. (7.9) to
the axisymmetric portion of AUSOS5 on a beta plane valid at 18.2° (the
mean latitude of the composite hurricane). We can see that there is no
beta effect due north/south of the center, where the winds are zonal.
The vorticity changes are largest due east/west where the meridional
wind component is maximum, and decrease with increasing radius.

The resulting radial deformation of the vortex c(btained by applying
Fg. (7.11) at all 6, is shown in Fig. 7.4. There is obviously a
tendency for considerable distortion. The vortex elcngates on the
western side and compresses on the ecastern side, and the effect is
maximum at about 6° latitude radius. The reasons for this distortion

are more clearly seen in the zomal cross—section of l'ig. 7.5. At point
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the initial vorte:: to be made up of a package of Rossby waves, then the

beta effect will :ause the longer waves to move westward more quickly

than the shorter vaves. Thus, a wave separation will occur. The longer
waves will congreiate to the west of the vortex and cause an elongation
of the vortex there. The shorter waves will congregate to the east,
causing a vortex compression and possibly anticyclogenesis there.

Now we know that the circulation around a given area, A, is equal
to the integrated vorticity over that area:

c = [§aaA
A (7.23)
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Hence the vortex distortions shown in Fig. 7.5 wi.l introduce a cyclonic
gyre to the west and anticyclonic gyre to the eas:. As has been noted
by Anthes (1982, p. 107), these gyres introduce a poleward steering
current over the cyclone center. Then, the cycloie, which was initially
moving due westward, turns and accelerates poleward.

Thus, the poleward drift of tropical cyclones is caused by the
development of a poleward steering current, not by maintaining the
vortex in a continuously unbalanced state, as was suggested by Rossby
(19438) .

Of course these distortions do not continue uanabated, for they
would soon destroy the cyclone. Rather, any distortion immediately
activates the advection and divergence terms in E3j. (7.8). These then
begin to compensate for such distortion. Numerical modelling experience
(c.f., Holland, 1983b; DeMaria, 1983; or Fig. 7.7) indicates that the
cyclone quickly gains a steady state with the advection and divergence
cancelling the beta effect distortion, The moticn then reduces to a2
quasi-linear combination of the westward, beta effect, and a poleward
advection by the induced steering current. Actusl tropical cyclonmnes
(Fig. 7.6) also tend to move along smooth, comnsi:tent tracks with no
evidence of any domimation by uncompensated mon—!inear processes.

Non—linear processes may become important dvring a period of
changing environment, such as at recurvature, bui, as we shall show in
section 7.2.2, recurvature can certainly be expliined from linear
processes alone. There are, however, a number o erratically moving
cyclones, such as Edith (#2) and Cynthia (#8) in Fig. 7.6, which may be
dominated by uncompensated, evolving non-linear j3rocesses. We shall not

consider these types of motion further inm this ciapter.
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Fig. 7.6. Australian region tropical cyclone tracks for July 1966
to June 1967 (from Lourensz, 1981).

The net distorting effect on the vortex may be seen quite clearly
in Fig. 7.7. This figure contains the results of f and § plane
integrations of ¢ nondivergent barotropic model from an initially
axisymmetric vortex by DeMaria (1983). Also shown is the AUSO5 850 mb
wind field. We (an see that no distortion occurs during the f plane
integration. On the [ plane, however, the cyclome elongates to the west
and compresses tv the east, with anticyclogenesis farther to the east,
Similar modellin;; results have been presented by Anthes (1972) and
Anthes and Hoke '1975), who also showed that introducing divergence
tends to accentuite the beta effect distortion.

The actual vind field for AUSO5 is strikingly similar to the f
plane vortex, as indeed are all composites presented throughout this

study. This implies that the asymmetries are largely induced by the
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Fig. 7.8. An illustration in support of the discussion on observed
cyclone distortion. Cross-hatching indicates typical regions
of deer moist convection.

beta effect distortion. However, recent work by other authors indicates

that additional piocesses act to reinforce this distortion. In a

detailed case stucy of the boundary layer characteristics of hurricane

Kerry, Holland anc Black (1983) and Black et al. (1983) suggested that

the convergence o1. the eastern side was driven equally by surface

frictional dissip: tion, and by vertical recycling of high momentum air
aloft and low momcntum air downwards by deep convection and boundary
layer roll vortices., By comparisom, the region to the west of the
burricane was vir:ually free of convection. The divergent flow in this
western sector wa; partially supported by subsidence of higher momentum
air into the bounlary layer, partially by transient high speed surges
from the impingin: trade wind regime and partially by a2 boundary layer

decoupling from c>ld upwelled oceanic water. Lajoie (personal
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communication, 1982) further considers that asymmtric upper level
convergence regions (such as the observed conflueince between the
hurricane outflow and subtropical westerlies in Clhapters 4 and 5) alsc
have an important effect. He has suggested that he subsidence and
lower level divergence underneath such upper convirgence regions may
introduce additional vortex distortion.

An illustration of the total process is thenm given in Fig. 7.8. An
interaction between the cyclone and the gradient >f earth vorticity
produces the characteristic distorted shape. But. to the north and
east, advection of moist tropical air, together with enhanced boundary
layer convergence from the beta effect, generates considerable moist
convection (c¢.f. our structure discussion in Chapters 4 and 5). Inside
300-400 km radius, this moist convection, together with the development
of horizontal roll vortices, then removes momentun from the boundary
layer to further enhance the convergent flow (Holland and Black, 1583;
Black et al., 1983). On the western side, the drier subtropical air,
together with subsidence from conservation of potential vorticity,
effectively suppress convective activity. These, and transient surges
from the trade wind regime act to reinforce the cbserved low level
divergent flow.

The Effective Radius and Core Movement: 1In describing the outer

region distortion and subsequent cyclone motion inder 2 combined beta
effect and non-linear generation of a poleward sieering current, we
implicitly assumed that the inmer 200-30C km ret:ined a quasi-symmetric
shape with little distortion., This assumption i¢ consistent with

observations that the inner few hundred kilometers of a tropical cyclone
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maintains an axisymmetric identity even under guite adverse conditions
(c.f. Willoughby, 1979).

The conservative processes which maintain this identity are perhaps
most simply viewed in terms of the high core region imertial stability
in tropical cyclores (c.f. Appendix 3 and the discussion in section
6.3). The radial profile of inertial stability for AUSOS (which is
typical of all hurricanes) is shown in Fig. 7.9, together with some
other dynamic paremeters for comparison. We can see that there is a
sharp increase in stability 200-300 km from the center. Inside this
radial band the iiertial stability is typically omne to two orders of
magpitude larger 'han the earth vorticity. Thus, horizontal
deformations are very strongly resisted. Outside this radial band the
inertial stability. and earth vorticity have the same magnitude. Thus,
considerable distortion may (and, as we have shown, does) occur.

When we take Eqs. (7.20) and (7.21) and solve for radius using
observations and 1 known cyclone motion, we also find that a single
radial band dominates for each cyclome. This band typically lies in the
range 200-400 km (Holland, 1983b). Hence, the cyclone/environment
interactions which lead to motion are maximized at a radial band
approximately coincident with the rapid change in gradient of imertial
stability. As we show in Fig. 7.10, the motion may then be conceptually
viewed as a movirg envelope at what we have described as the effective
radius of interaction (Holland, 1983b). At this effective radius the
cyclone/environmental interactions dominate in determining the

subsequent motior. Inside, the high rotational stiffness prevents any
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significant distor ion and the center slavishly follows the outer
envelope.

Of course, th: contact between the center and envelope is not a
rigid one. Rather, the center has a limited degree of freedom to move
within the envelop: constraints. Thus, as we have suggested in Holland
(1983b), internal perturbations, and subsequent oscillations of the
center may provide the observed oscillatory track of many tropical
cyclones.

This concept of steering by cyclone/envirommental interaction at an
envelope defined ty the region of rapid increase in inertial stability
predicts that: 1) intensity variations will not affect the motion; and
2) vortex size anc strength changes will affect the motion by changing
the effective rad:us. These predictions are consistent with general
observations that no track changes accompany cscillations in central
pressure or maximum winds in hurricanes. Confirmation has also been
provided in recen: modelling experiments by DeMaria (1983). DeMaria
made a control, nyndivergent barotropic integration of an initially
axisymmetric vort:x on a beta plane. He then repeated the experiment
with two new vortices. In the first experiment the intensity was
changed by doubling the maximum winds and keeping the outer circulation
unchanged. In the second experiment the size was changed by a 20%
increase of winds outside the maximum wind belt with almost no intensity
change.

The resultirg trajectories are shown in Fig. 7.11, together with
insets showing tle three initial azimuthal wind profiles and the
position differeices from the control experiment. We can see that the

substantial intensity change made almost no trajectory difference. But
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the modest size/strength change caused the larger vortex to move

westward and poleward faster than the referemce vortex. The increase in

westward motion arose from the stronger beta effect on a larger
effective radius. Andé the extra poleward motion arcse from a stronger

(in absolute terms) outer region distortion, and thus generation of a

meridional steering current.

The Geostrophic Adjustment Problem: Througlout our discussion in

this and other sections we have completely neglected the transient
geostrophic adjustment aspects, and, in using the¢ vorticity equation
approach, implicitly assumed an instantaneous 10(% adjustment of the

mass to the wind fields. UHowever, Schubert and fack (1982a,b) and
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Schubert (much personal communication, 1981, 1982) have shown that the
decreasing Rossby radius of deformation (a ratio of the speed of gravity
waves to the system vorticity, which indicates the degree of
partitioning of perturbations to inertial and gravity wave modes) in
mature hurricanes considerably reduces the efficiency of mass adjustment
to wind field changes. If we neglect the beta effect, presume a
barotropic vortex and introduce a uniform basic current, Eqs. (7.16) and
(7.17) indicate tiat the vortex mass and circulation move together with
no adjustment reqiirements. But non-linear effects, such as the
westward beta drift, horizontal or vertical basic current or vortex
asymmetries, and asymmetric fields of moist convection, involve wind
field accelerations and subsequent mass adjustments (or vice versa).
Intuitively, the imperfect mass adjustment, with some energy being
lost to gravity waves, should reduce the non-linear effects. But
further coupling: or feedbacks could conceivably cause larger changes.
Any complete unde¢rstanding of cyclone motion must include an assessment
of these adjustmcnt effects. However, such work is beyond the scope of

our present stud and we simply presume a perfect adjustment throughout,

7.1.4 The Effec:s of Basic Current Asymmetries

Following H>lland (1983b), if we introduce basic current
asymmetries defined by any combination of constant vorticity and
divergence and use Egs. (7.8) to (7.13) the linear cyclomne motion

tendency will be given by solutions to
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where §0, 61 and 60, &, are the constant meridional and zonal components

1

of vorticity and divergence respectively, and VB

component of the basic current. Complete details on the derivation of

is the symmetric

these equations, and their solution procedures, are given in Holland
(1983b). 1In essence, Eq. (7.24) is solved iteratively for the directicn
of cyclone motion, Gm; Eq. (7.25) is then solved directly for the
cyclone speed, Vc'

These equations enable us to examine some of the effects that basic
current asymmetries will have on tropical cyclone motion. A number of
these effects are illustrated in Fig. 7.12, which is based on the
quantitative results given in Holland (1983b, Fig. 6 and Table 4). The
first two compartments illustrate the effect of ircreasing or decreasing
the basic current speed while holding the directicn constart. The last
six compartments illustrate the effects of introducing various basic

current asymmetries without changing the azimutha. averags.
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An illustration of the tropical cyclone motion changes
resulting from varying the basic current speed or from
introducing asymmetries without changing the mean basic
current, The heavy arrow indicates the basic current
velocity; the thin arrow indicates the cyclone velocity for
a uniform basic current; and the dashed line indicates the
new cyclone velocity arising from the imposed asymmetries.
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We must emphasize that these are linear, initial motion tendencies
only and in some cases non-linear effects may sigiificantly alter the
longer term motion. Nevertheless, some very inteiesting physics may be
seen in Fig., 7.12.

As we have already seen in Fig. 7.1, since tle westward beta drift
is essentially a constant for a given vortex size and effective radius,
increasing the speed of a uniform basic current will not only increase
the cyclone speed but reduce the angular deviatioir. Similarly,
decreasing the basic current increases the angula: deviation. And the
effects are more pronounced for a southeastward mcving cyclone.

Introducing a cyclonic wind shear increases i1he advection of vortex
vorticity on the left side and also slightly increases the beta effect
(since there are weaker poleward basic current wiids on the western
side). However, for both southeastward and southvestward mean basic
currents the additional vorticity advection domin:tes over the beta
effect and the cyclone backs and slows down. Intioducing an
anticyclonic wind shear has the opposite effect ard the cyclone veers;
though we note that the concomitant weakening of the beta effect reduces
the veering considerably on the southeastward basic current situation.

Introducing downstream speed divergence increases the vorticity
advection ahead of the cyclone, increases its speed and causes it to
back in direction as the relative beta effect is 1educed. Downstream
speed convergence has the opposite effect. These linear results are,
however, probably an overestimate since they alsc contain a concomitant
cyclone distortion., Non-linear effects associate¢ with this distortion
may also cause the cyclone to move more rapidly pcleward by the

processes described in section 7.1.3.
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A downstreaﬁ confluence in the basic current will weaken the beta
effect slightly for the southwestward situation and increase it for the
southeastward sitvetion. It will also concentrate the vorticity
advection along th¢ mean basic current direction. As a result very
little change occurs in the motion under a southwestward basic current,
but under a southe:stward basic current the cyclone backs and slows
down. A downstrean diffluence has the opposite effect and produces a
notably large veer-ng in the southeastward moving cyclone.

We shall show in section 7.2 that these basic current asymmetry
effects can have a substantial impact on the observed movement of

tropical cyclones.
7.1.5 The Sensitivity of Cyclone Motion

Jn Holland (1983b) we defined the motion of a cyclome to be
insensitive when i: reacts in a damped manner to basic current
variations or shor: lived asymmetries. Cyclomes which overreact to svok
variations were said tc be sensitive. We then showed tkat the
imposition of the oeta effect and asymmetries in the basic flow couvld
result in differcutl degrees of sensitivity depending on the direction
and speed of the basic current,

This study revealed an important difference ir the sensitivity of
westward and eastward moving cyclones. Westward moving cyclones were
shown to be gnite imsensitive to either zandom perturbaticns or lasic
current chanpges, Jut eastward moving cyclones wexre shown Lo be guite
sensitive and prove to overreacting (o such changes.

For example, the theory predicts that cyclones moving on 2

west/southwesiware traicetory will respond by onty o fractron taround



half) of any changes in basic current direction. Their direction of
motion is also only marginally affected by changes in basic corrent
speed. By comparison, cyclones moving in an east/scutheastward
direction will deviate by up to twice the change im basic current
direction. They are alsc very sensitive to¢ changes in basic current
speed. We have already seen an indication of these differences in ¥Vig.
7.12. Notice how the directioa and speed changes arising from
introduced bhasic current asymmetries tend to be larger for the
southeastward case.

The physics behind these different responses are gquite simple and
may be seen in the schematic in Fig. 7.1. A (non-divergent! cyclote
under a northwestward basic current will deviate te the lefi from ile
beta effect. If we chanpge the basiu current to a southwestward
direction, the bets effect deviation will be to the right. Thus, a 907
backing of the basic current only induces around 45°¢ hacking in cyclone
direction. The opposite occurs in going from a southeastward to
northeastward basic current. In this case a 90° backing canr induce a
180" change in cyclone direction,

We have also shown in Holland (1983b}) that eastward and slow moving
cvclenes are much more sensitive to random perturbations tharn these
moving westward or rapidly. This may be seen in Fig. 7.13. which shows
the azimuthal variation of vorticity change for a cenvergent Southern
Hemisphere cvclone under different basic currents. A cyelone with o
relatively flat vorticity change maximum will be quite sensitive 1o
impose{ perturbatioms and thus may undergo large cheznges in the

girection of motion, As the vorticity change maximim becomes stronger
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and sharper this sensitivity will decrease. Figure 7.13, then,
indicates that westward moving cyclones are less sensitive than
southward or eastward moving cyclones, and that the sensitivity
decreases in all cases as the basic current increascs. For low wind
speeds, eastward moving cyclones are highly sensitire to minor
perturbations in any direction, whereas those movin: westward will only
respond to perturbations very close to the direction of motion.

Notice also in Fig. 7.13 that the addition of :he beta effect
results in a different response to perturbations on either side of the
storm motion. Westward moving Southern Hemisphere :yclomes will respond
more to a given perturbation on the left hand than >n the right hand
side of the direction of storm motion. Southward aid eastward moving
storms will respond more to perturbations on the rijht hand side.

These linear theory results are in good qualititive agreement with
our general observations that westward moving cyclones tend to follow
smoother and more consistent tracks than those moving eastward., We
shall also provide quantitative observational confirmation in section

7.2,

7.1.6 The Effect of Surface Friction

Throughout our discussion in previous sections we have neglected
any effects of surface friction. This is because friction is a
difficult, if not impossible, mechanism to ircorporate into our
analytical treatment. An analytic study by Kuo (1569) and numerical, f
plane modelling experiments by Jonmes (1977) indicate that surface

friction will cause the cyclone to move a few degrees (~ 5) to the left
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of the basic curreat in the Southern Hemisphere and to the right in the
Northern Hemispher:.

The frictionally induced deviation is therefore generally smaller
than the beta effect and the effect of significant asymmetries in the
basic current. Tt is within the noise level of our data and our
inability to precisely determine an effective radius. Thus, its neglect

should have very little impact on our discussion or conclusions.

7.2 A Comparison of Theory and Observations

7.2.1 On Determiring a Steering Current

"It is cetter to use points outside the
immediate vicinity of the storm; 200 or more
miles atead are usually best’ : Norton (1947)

We have showr. in section 7.1.5 that the azimuthally averaged winds
around a cyclone riay not be sufficient to accurately describe its
motion; the horizcntal asymmetries may also be important. We must next
address the quest:on of what horizontal and vertical domain should be
used. That the answer is not obvious may be seen in the proliferation
of domains used in the literature. For example: in the horizontal
George and Gray (..976) used a domain 1-7° latitude radins from the
center, Brand et 1l. (1981) used 200-300 km, and Chan and Gray (1982)
used a radial bani at 5-7° latitude radius; in the vertical Riehl and
Shafer (1944) usel 700, 500 mb, Simpson (1946) used the ''top of the
vortical circulation’ , Sanders and Burpee (1968) used a surface to 100
mb deep layer meaa, and other authors have used almost every possible
combination of levels or layers in between (c.f. George and Gray, 1976,

for a complete survey).
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In the horizontal, a basic current defined by the wind field over a

radial band centered on the effective radius, say 200-300km, would be

ideal; since we have shown that this is the regionm in which the cyclone

interacts with the environment to produce an overall motion. But there

are normally very few observations in this region. Fortunately,
however, as may be seen in Fig. 7.14, the radial variations in the
normal and parallel components of the mean basic current are gemerally

quite small. Hence, we shall use the wind field averaged over a 5-7°

latitude radius band. This is consistent with the work of Chan and Gray

(1982), and agrees with the above conclusion by Gridy Norton. It also
ensures sufficient observations for an accurate determination of the
wind asymmetries, which should be relatively indep:ndent of the choice
of mean vortex. When applying the model in Eqs. (7.24) and (7.25) we
then simply interpolate to the effective radius.

In the vertical, two parameters need to be coisidered: the
vertical structure of the mean vortex and the vertical shear of the
basic current. As may be seen in Fig. 7.2 or Appeidix 4, even though
the absolute values differ, the low, middle, or upjer level gradients
azimuthal winds, and also in vorticity, are very similar. Thus, the
vorticity advection by a vertically uniform basic :urrent will cause
little, if any, tilting of the cycleme. This diff:rential motion is
relatively small and may easily be compensated by ‘rertical transports
deep cumulus clouds (Lee, 1982).

A moderate vertical shear in the basic curren: may similarly be
compensated by cumulus transports. Since the radiil gradient of
vorticity is nearly uniform with height, the cycloie shounld then move

with the mass—weighted vertical average of the bas c current. Of

in

in



167

course, if the ver:ical wind shear becomes too large, the comvection can
no longer ''integrite’ to remove the motion differential and the

cyclone will be destroyed. Huntley and Diercks (1981) show some
interesting exampl:s of this tilting effect. They observed that weak
tropical cyclones, with little convection near the center, generally
tilt in the direction of the vertical wind shear and towards the major
convective region. Such a tilt can exceed 100 km between the surface
and 700 mb. As th: cyclones intensify, and convecticn becomes well
established around the center, the tilt tends to disappear.

Unfortunately, we cannot directly incorporate the data rich
boundary and outflow layers into this vertically integrated estimate of
the basic current. This is because the asymmetric inflow/outflow jets,
which do not contribute to the motion, can significantly distort the
basic current evaluations.

That a distortion of the basic current occurs may be seen in Fig.
7.14, and in Fig. 7.15, which shows the mean parallel and normal wind
components averaged over 5-—70 latitude radius for the five motion
composites (AUS12 to AUS16) discussed in the mnext section. We can see
that the basic current in the 800-300 mb layer is reasonably consistent
and linear with height and radius, even when there is considerable
vertical shear. Fowever, large, and as George and Gray (1976) show,
occasionally erratic, changes can occur in the surface-850 mb and 250-
100 mb layers (at 100 mb we can also see the effect of the stratospheric
easterlies). Numerical modeling experience (DeMaria, 1983) is that
these boundary anc outflow layer asymmetries have an insignificant
effect on the cyclone motion. Hence, their inclusion in the basic

current evaluation will merely introduce unwanted noise.
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(VN) a1id parallel (VP) to the direction of motion of the
AUS12 .0 AUS16 composite cyclones at a nominal radius of 6"
latitule. A positive VN or VP indicates an environmental
flow to the right of or faster than the cyclone velocity.

To illustrate this point, let us assume that the observed wind at
some point (after ve have removed the mean vortex) comnsists of an

asymmetric inflow jet compomnent YIN and a basic current component YB’

Then, from the vorticity equation, if we neglect tilting and frictional

effects on the vasic current
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Where w is the vertical motion and F is the frict: onal dissipation at
the surface. Term A , the advection and divergence of vorticity by the
basic current, provides the major component of a§,at and hence cyclone
motion. The inflow jet, however, is flowing into the cyclone in such a
way that the anticyclonic vorticity advection is :argely compensated by
convergence, tilting and frictiom. Thus, there i: little, if any,
vorticity change and Term B is nearly zero. A sirilar explanation may
be applied to the outflow jets. When we incorporite inflow/outflow
asymmetries into the basic current for use in Eqs (7.24) and (7.25) we
neglect these compensating effects, and thus intrcduce unnecessary noise
into our data.

The orientation and strength of the inflow o1 outflow jets are
determined by boundary layer interactions with th(« moving cyclone
(Shapiro, 1983); the distribution of convection (tectiomn 7.1.3); and, as
we have discussed in Chapter 6, the surrounding eiviromnmental flow
patterns which provide enhanced outflow channels, It is therefore
possible that techniques could be derived to remove these asymmetries
and allow better use of the data rich boundary anc outflow layers.
However, at this stage we shall simply use a mass-weighted 800-300 mb

average to define the basic current,
7.2.2 Observations

We shall use the AUS12 to AUS16 motion composites and the AUSO1 to
AUSO3 major recurving hurricane composites to compare the observed
cyclone motions under different basic currents wih those predicted by
the theory. A complete description of these composites is contained in

Appendix 2. All cyclones have central pressures _ess than 1000 mb and



201

those in AUS12 to 14 move with speeds less than 7.5 m s—l. Further:
AUS15 and AUS16 contain tropical cyclones which moved continuously
towards the west, of which those moving between northwest and southwest
comprise AUS16 and those moving between west and south comprise AUS1S;
AUS12 contains cyclones moving continuously between southwest and
southeast; AUS13 and AUS14 contain cyclones which moved continuously
eastward, of which those moving between south and east comprise AUS13
and those moving between southeast and northeast comprise AUS14. The
speed and directiol. distributions of the cyclones in each of these
composite categorics are shown in Fig., 7.16.

We have alreailly described the AUSO1 to 03 composites in Chapter 5.
They are made up o’ a single set cf major hurricanes which recurved at
or near maximum in:ensity. Of these: AUSOl is the tropical storm stage
moving between west and south; AUSO2 is the hurricane stage at or just
before recurvature; and AUSO3 is the filling stage, after recurvature
but still at hurricane intemsity.

Since our the¢ory and the numerical modeling work discussed in
section 7.1.3 indicated that intensity or intemsity change have no
significant effect on motion, no account was taken of intensity in AUS12
to AUS16 (aside fiom removing the early tropical depression stages).
One concern is thiut we have also not taken account of size in these
composites. We hive previously shown that strength or size changes may
alter the beta ef ‘ect component of cyclone motion, however, the present
lack of informatis>n on these parameters in the Australian/southwest
Pacific region does not allow us to quantify these effects at this

stage.
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Table 7.1 contains the mean basic current and cyclone parameters
for these motion conposites, together with observed and predicted
cyclone deviations from the basic current. Note that the observed
deviations for for the AUS12 to AUS16 composites are calculated from the
separately composited VP and VN components. Hence they may differ
slightly from an algebraic subtraction of the cyclone and basic current

velocities. Since VP and V,, were not composited for AUSOI to AUSO3 we

N
estimated the deviations using the mean direction and mean absolute
speed of the cyclores. For the predicted deviations in Table 7.1 we
used the mean latitude of each cyclone and assumed constant cyclone
parameters of y = -0.03, x = 0.5, effective radius of 250 km and cyclone
size and strength (efined by a 6 m s—1 cyclonic azimuthal wind at 6°
latitude radiuvs. Ve also provide a comparison between the motion
predicted by the a:imuthally averaged basic current and beta effect
alone (column A) and that predicted by the complete current including
asymmetries {colum1 B). These asymmetries may be seen in Figs. 7.17 and
7.18.

We can, of coirse, produce an exact agreement between observations
and theory by sslecting the appropriate effective radius for each case.
Bowever, as may be seem in Table 7.1, simply using a standard cyclone
introduces very few errors. In fact the excellent agreement indicates
that the major mechanisms responsible for moving these steady cyclones
are contained in Eqs. (7.24) and (7.25). The dominant mechanism is the
advection of cyclcne vorticity by the basic current. The largest
consistent deviation from this domimnant motion is provided by the beta

effect (column A) Except for AUS14 and AUSQ2, AUS03, basic current

asymmetries were veak (Figs. 7.17 and 7.18) and their inclusion produced
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TABLE 7.1

Vital statistics on the AUS12-16 and AUS01-03 motion composites. The
table gives: the 800-300 mb mean direction (e) aid speed (V) of the
basic current and its components parallel (Vp) anc normal (Vy) to the
direction of cyclone motion (Vp, VN compoments weie not composited for
AUS01~AUS03); the 800-300 mb mean radial wind (u), azimuthal wind (v)
and convergence (y) into the cyclone at 6° latituce radius; the mean
direction (®y) and speed (V.) of the cyclone; and the observed and
predicted deviations of the cyclone from the basic current. Column A is
the predicted deviations using the mean basic curient only, column B
incorporates the basic current asymmetries shown in Figs. 7.17 and 7.18.

Composite l.ﬁt . Basic Current Cvelone Lir. Deviation Spd. Deviation
) . v v VN u v v W v (hs, A I Ohsi, A 3
B m ¢
(a)
AUS16 16.2 w7 oo2.roo27 =0.2 0.2 ~6.1 ~0.03 {08 3.8 -4 -4 -4 1.3 LA [
Westwird
AUS1S 16.7 137 2.5 2.7 -0.9 ~0.2 -6.3 -0.03 121 3.5 18 -8 -19 1.1 1.0 1.4

Southwestwerd

AUS12 19.1 2200 3.5 3.0 ~1.9 -0.4 =5.4 -0.07 175 3.1. - 32 -~29 33 =0.5 =a a0

Svuthward

AUSTS 19.7 233 4.9 4.7 -2.0 ~0.2 5.0 -0.04 208 3.7 -23 -6 =20 -1.1 -i.v -l
Southeastward

AUS14 17.5 257 5.4 501 -0.3 0.2 ~4.3 -0.05 252 3.9 -3 = -3 =12 1.7 -1
Eastward

AUSO1 15.2 i35 2.4 * * ~0.2 -6.0 -0.03 123 3.» - 13 -7 =ih 1. 3.0 1.3
T8 betore

recurvature

AUSO2 17.93 193 3.2 * * 0.2 5.7 -0.04 167 3.7 26 32 12 0.5 0.0 0.2
Hurricane near

recurvature

AUSO3 225 2000 5.5 % * -0.1 =5.1 -0.02 202 ".0 -2 =26 -~14 =05 =05 0.0

fHurricane atter
recurvature

only a slight improvement in accuracy. Moderate :symmetries wers
present in AUS14 (Fig. 7.17), but they were zonal!y orientated and had
little effect.

By comparison, the recurving AUS02 and AUS03 composites provide an
excellent example of the importance basic curreant asymmetries can have.
Almost no change in basic current direction or be:a effect occurred
between AUS0O2 and AUSO3. Rather, recurvature was accomplished entirely

by an increase in wind speed and the development >f asymmetries, with
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Fig. 7.17. Basic currents and cyclone motion for AUS12 to AUS16. Each
inset contains the 800-300 mb mass-weighkted mean current at
eight octants and a nominal radius of 60 latitude; the
azimtthally averaged basic current is shown at the cyclone
center; and the direction of cyclone motion is indicated by the
dashed arrow. Speed convention is ome barb =1 m s™1 and
actus:l speeds are also shown.
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the major turning being due to the strong conflue:ice and downstream

divergence {compare Fig. 7.13 with the AUS02 and .\USO3 plan views in

Fig. 7.18).

7.3 Summary

In this chapter we have examined the mechani:s of tropical cyclone

motion from a theoretical and observational viewp>int to expand the

preliminary work by Holland (1982, 1983b).

By ut

ilizing linear amnalytic
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solutions to the fr..ctionless, divergent, barotropic vorticity equation
on a beta plane, we have shown that the major linear components of
cyclone motion are n advection by the (asymmetric) basic current, -
together with a wes:ward deviation arising from an interaction between
the cyclone and the earth’s vorticity field. This motion is provided by
interactions in a ridial band some 200-300 km from the center, just
outside the high inertial stability core region. It appears that the
cyclone center slavishly follows this outer envelope, presumably due to
a strong inertial coupling, though the precise mechanisms are not known.

Possible non-linear and surface frictional effects have also been
discussed. However, the close agreement between the linear theory and
observations indicates that cyclone motion is largely a linear process.

We have further shown that the combination of a basic current
advection and beta effect makes westward and rapidly moving cyclones
quite insensitive 1o environmental perturbations. But eastward and
slowly moving cyclcnes are quite semsitive and will tend to overreact to
imposed perturbaticns,

A detailed sumary of these results may be found in section 8.4.



8. SUMMARY

In this paper we have documented the completed first stage of a
collaborative project between Colorado State University and the
Australian Bureau of Meteorology to study tropical cyclones in the
Australian/ southwest Pacific region. We have used a variety of sources
to gather all available cyclone and environmental data for the period
1958-1979. Further, we have adopted Professor Griy’s compositing
routines to a Southern Hemispheric perspective, ard have incorporated
new statistical and climatological techniques. Tlese new techniques
have been very useful in the stratification and aralyses stages.

Using these data and new routines, we have piovided a comprehensive
description of the major climatological and structural features of
tropical storms and hurricanes throughout the region. We have further
documented some interesting envirommental effects, and examined the

mechanisms associated with intensity change and mction.

8.1 Climatology

The tropical cyclone season extends primarily from November to May,
though unseasonal cyclones occasionally occur in cther months. Within
the seasomn, tropical storms rise to a mid-season naximum followed by a
secondary, late season peak. Hurricanes, however, exhibit an early
season maximum and those in the northwest Australian region have a mid-
season minimum. We have attributed this mid-seascn minimum (which does

not appear in the tropical storm distribution) mainly to the detrimental
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effect of the Austr:s:lian continent. As the monsoonal trough extends
poleward over northern Australia, most cyclomnes form very close to the
coast and in the Gu. f of Carpentaria. They thus often suffer a
premature demise. ! owever, changing environmental flow fields, with
many cyclones formi:.g under a strong upper level easterly flow, may also
have an effect.

The Australian continent also contributes to distinctive variations
in the spatial dist:ibutions of tropical storms and hurricanes.

Tropical cyclones hive been observed throughout the region from 105°E to
1500W but the occur-ence peaks, and relative hurricane/tropical storm
proportions, vary cinsiderably. The highest tropical storm frequency
occurs in the land-locked Gulf of Carpentaria, with secondary maxima in
the Coral Sea and off the northwest Australian coast. By comparison,
hurricanes have a v:ry high frequency off the northwest Australian
coast, occur only cccasionally in the Gulf of Carpentaria, and are
spread more widely throughout the southwest Pacific. The relative
proportions of hurricane to tropical storm occurrence are 70/30 off the
northwest Australizn coast, 20/80 in the Gulf of Carpentaria, and 50/50
in the southwest Pscific., These proportions reflect both the number of
systems and their lifetime.

We have thus (bserved a unique situation in that both the highest
frequency and propcrtion of intense systems occurs off the west coast of
a major continent. Indeed, around 40% of all major hurricanes in the
entire region occu:r just off, and make landfall on, the northwest
Australian coast. Contributing factors to this behavior include: the
warm ocean tempera :ures there; the interaction with hot continental air.

which helps steer :yclones along and just off the Australiam coast
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(section 8.2); and the prevailing flow fields, in which the cyclone is
embedded in a deep low level tropical enviromment but can still interact
with the subtropical westerly flow in the upper t:oposphere (section
8.3).

The overall proportions of major hurricanes, all hurricanes, and
tropical storms in the Australian regiom is 15/45'55 respectively.
Insufficient information was available to enable 1s to distinguish major
hurricanes east of 165°E, but Revelle (1981) foun! similar proportions
there for the period 1969-1979. The most intense hurricares came from
the recurving motion category. They typically or'.ginated near 10°S in
the Coral Sea region and near 15-18°S in the nortiwest Australian
region; but many weaker tropical cyclones also form at these latitudes.
The more intense systems generally intensify at a faster rate and take
longer to reach maximum intensity; but this trend is less obvious for
the very intense major hurricanes. Overall, then. tropical storms often
form and decay over tropical waters, or over Aust-alia; hurricanes tend
to intensify while moving polewards to 20-25°S thn decay rapidly by
crossing the coast, by becoming entangled in the strongly sheared
subtropical westerlies or by moving over a cold osean surface.

Rapid intensification is certainly underestizated throughout the
region. But those cyclones which follow the Dvorak (1975) rapid
intensification curve typically come from the recurving motion category.
Their rapid intensification cycle also starts either near $90-995, or
970 mb and ceases within 12 hours of maximum intensity. The seasonal
and latitudinal distribution of rapid intensification events is similar

to that for tropical cyclones generally.
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Tropical cyclo:ies in the southwest Pacific region also move very
differentlvy to the :lassical pattern in other ocean basins. That is,
the largest proport.on tend to move eastward, or erratically; and,
indeed, tropical st rms move almost exclusively eastward. This peculiar
motion is a respons: to the low latitude, upper tropospheric westerlies
and strongly shearel environment in this region. The Gulif of
Carpentaria also has a majority of erratic and eastward moving systems.
But most tropical cyclones off the northwest Australian coast move along
the classical westwird track or recurving parabola. This west coast
movement is partially duwe to the prevailing flow there and partially due
to interactions between the cyclone and the hot, dry air mass over

northern Australia (section 8.2).

8.2 Structure

We have separately examined the structure of developing and non—
developing oceanic tropical storms; of intensifying and decaying oceanic
hurricanes; of huriicanes just off the east and west Australian coasts;
and of recurving mzjor hurricanes and supertyphoons.

These cyclone: have many similar features to those of the well
documentec northwe:t Pacific and North Atlantic systems., They are moist
and warm cored, with a maximum temperature anomaly mpear 300 mb. An
upper tropospheric anticyclone overlies a low and mid-level cyclonic
circulation which ¢xtends beyond 1500 km radiuws. The vertical wind
shear is concentrated near 300 mb in developing systems and spreads to
lower levels as the cyclones decay. The secondary circulation displays
the classical boundary layer inflow and upper tropospheric outflow

regimes. Secondarr inflow maxima occur in the lower stratosphere and
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near 400 mb, especially in developing cyclones, and there is evidence of
a weak outflow near 600 mb in some cyclones.

The low level circulation also exhibits a di:tinctive distortion,
with 2 cyclonic extension to the west and convergence/anticyclogenesis
to the cast. We have surmized that this is the rosult of an interaction
between the cyclone and the earth’'s vorticity fie. d which is reinforced
by the concomitant development of a moist tropical feeder band on the
equatorward and eastward side. Holland and Black (1983) and Black et
al. (1983) provide a more quantitative discussion of these features,

There are further, a number of regiomal pecu. iarities which arise
from the monsoonal environment, the close proximiy of subtropical jet
westerlies, and the effects of the Australian con'.inent.

In the low levels, a distinct outer region iirflow maximum is
observed at the tropical storm stage. This inflov maximum arises from
the development of surges in the monsoonal wester. ies, as has been
previously discussed by Love (1982), and/or trade wind easterlies. Tt
leads to the characteristic large size of these systems, and, we
believe, provides an optimum environment for deve. cpment through the
tropical storm stage.

The prevailing low latitude subtropical jet vesterlies in this
region, and especially over the southwest Pacific. provide very
characteristic upper tropospheric structures. Developing tropical
storms and intensifying hurricanes are typically rlose to, but not
under, this westerly flow and are located between upstream trough and
downstream ridge axes. Thus, in our mean composi- es we observe a marked
confluence zone between the hurricane outflow and impinging westerlies

some 600 km to the west and souvthwest of the cent:r. We also observe a
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long, intense outflow jet to the southeast., By comparison, decaying
hurricanes, and esp:cially non-developing tropical storms, over the
southwest Pacific lie under the upper level westerlies. They are
strongly sheared with convective activity displaced to the east and
strong subsidence to the west. Indeed, in the southwest Pacific they
will oftern appear as a low level exposed circulation just west of a
large convective region,

Cyclones just off the east and west Australian coast are also
distinctly affectec by the continent. In east coast hurricanes the low
level winds are fuineled along the Great Dividing Range. Hence, there
is little inland pinetration of moist tropical maritime air below 850
mb. Rather, dry continental air, which is advected off the continent
and around the equitorward perimeter, tends to cut off the hurricane’s
tropical moisture supply. During the peak of the cyclone season a
semi—-permanent upp:r level anticyclone is also located over central
northern Australia by the monsoonal convection. The concomitant
downstream trough over the Coral Sea then maintains an adverse, strongly
sheared environment for most east coast storms. It also tends to steer
them away from the coast.

West coast hirricanes are not so adversely affected. Rather, they
are embedded in a deep tropical environment, moisture extends well
inland over northvestern Australia, and the core is protected from the
dry continental ajr. An unusual interaction does occur, however, as the
hot continental a:r is advected off the coast on the cyclone's poleward
side., Firstly, tlis produces a distinctly cold-cored structure below
700 mb. Secondly it introduces an equatorward directed temperature

gradient, which, ‘rom thermal wind considerations (and observations),
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maintains a deep easterly flow over the cyclomne ccre. Thus the
cyclone/continental interaction helps maintain a .ong westerly

trajectory, just off the northwest coast.

8.3 Intensity Change Mechanisms

We have adopted the suggestion by Gray (perscnal communication,
1982) and Merrill (1982) and separated tropical ciclone
"intensification’’ into three modes: an intensit:’ change, which is an
increase in maximum winds; a size change, which i: an increase in outer
circulation alone; and a strengthening, which is :n overall increase ir
core region winds,

After an extensive literature survey, we concluded that the current
state of the science is that virtually no specific work has been done on
strengthening or size change mechanisms. (Though some of the work on
""intensification’’ may be more readily applicable to these two modes.)
The general concensus on intensity change is that it requires a
benevolant environment (conditionally unstable atnosphere, warm ocean,
etc; see, eg., Gray, 1968). Intensification then proceeds by both a
cooperative interaction between the moist convection and cyclone scales
(the CISK process) and a cooperative interaction tetween the cyclone and
synoptic scales of motion. The CISK process has teen the subject of
extensive observational and, especially, numerical modeling research.
But work on the cyclone/ environment interaction las been largely
limited to documentation of different observations.

We have macde a simple examination of the ways in which a cyclone
can interact with its enviromment by using observitions anéd a linear

diagnostic version of Eliassen’s balanced vortex equations. This has
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lead us tc the conclusions that: 1) upper tropospheric interactions can
directly affect intensity change; 2) lower tropospheric interactions
will directly produce a size change which, by subsequent nonlinear
interactions, may indirectly affect intensity change, or stremgthening.
The inertial stability dominates in determining these different
responses. In the low levels, the cyclone is very stable out tc large
radii, thus horizortal wmotion is constrained and large accelerations may
result from an impcsed forcing. By comparison, the outflow layer has a
guite low inertial stability, thus long radial trajectories are possible
and an outer regio:n forcing may directly affect the core region.

We have also shown that inner core convective heating may directly
affect intensity ciange. But the comstrained secondary circulation is
unlike that typically obserQed for intensifying hurricamnes. Numerical
models, which rely on the convective processes alone, tend to generate
large inertially unstable regions followed by a sustaimed outflow. Such
large regions of inertial instability have not been observe in nature,

We thus believe that intensification from the tropical storm to
minimal hurricane may be, and in many cases probably is, accomplished by
CISK type processes alone., However, the initial develcpment,
intensification pest the minimal hurricane stage, and rapid
intensification, 1ormally require some form of beneficial dynamical
interaction between the cyclone and its enviromnment.

We have thercfore proposed that tropical cyclone development and
subsequent intens fication iz the Australian region typically proceeds
as follows. Angu ar momentum transports by an initial surge in the
monsocnal westerlies and/or trade wind easterlies generates a large,

inertially stable monsoonal depression or shear zome. Provided this
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depression is in the benevolent enviromment described by Gray (1968), it
can then loosely organize the fields of moist convection. 'This
convection may in turn help intensify the depression by corc hezting and
surface pressure falls (initially very weak), by an inward contraction
of the maximum wind region, and by a vertical recycling of heat and
momentum and erhanced oceanic evaporation., The mcre intensc depression
is then able to better organize the convective fields, and so on.

Though this cooperative interaction is initially very inefficient, the
efficiency increases exponentially as the system strengthens or
intensifies, Thus, a strong monsoonal depression which has developed
over northern Austrélia may rapidly intensify on'noving over the ocean.

Of course, this development and intensification may be prematurely
aborted by adverse envirommental factors. The cyclone may move over
land; or it may be sheared off by impinging strong upper tropospheric
westerly winds (as we have documentied in the soutlwest Pacific), or by
easterly winds (as occasionally happens in the noithern Australian
region).

An equatorward outflow channel will normally develop during the
early formation stage. This will be located just under the tropopause
and will be maintained by vertical cyclonic momen uwm transports in the
monsoconal ''feeder band'’.

Further intensification past the minimal hur:icane stage in the
Austrazlian/southwest Pacific region then usually nccurs as a result of a
cooperative interaction between the cyclone and e:wironment in the
outflow layer. We believe that this interaction ;tarts dvring the
tropical storm stage and proceeds as follows. A ‘:hance passage of a

subtropical jet streak 600-800 km poleward of the cyclome znd/cr
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development of a westerly trough 800-1000 km upstream of the cyclone
reduces the already low inertial stability in the outflow regime. It
also generates a «(ivergent area poleward and eastward of the cyclone
center., The initi:¢lly constrained anticyclonic flow over the cyclomne
then turns and accelerates southeastward to develop a long intense
outflow channel. tore region imertial instability, created by active
convection in the :ascent eye region, with possible tramsient inertial
instabilities asso iated with the passage of the jet streak, may aid
this initial coupl ng.

Once establis .ed, this enhanced outflow may invigorate the core
region convection, provide an inward contraction of the maximum wind
region, and thus iitensification. The outflow is also partially
compensated by an .nflow below the jet and in the lower stiratosphere.
Differential angul ir momentum transports by the outflow and lower inflow
generate a strong sertical wind shear between 400 and 150 mb and enhance
the warm core development near 300 mb. The stratospheric inflow and
concomitant eye region subsidence may further emhance the warm ccre
development and provide further intensification {especially past the
hurricane stage where wind to mass field adjustment becomes quite
efficient).

The long outflow channel also allows compensating subsidence to
occur over a large area. This reduces the debilitating subsidence
heating and dryiny just outside the eyewall region that would result
from the constraiied circulation response to an increase in eyewall
convection alone.

0f course, tle cooperation is almost certainly mutual. The cyclone

outflow ahead of he westerly trough provides a stromg warm advection.
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The temperature gradients may be further enhanced 'y the frontogenetic
effect of the confluent outflow and westerly wind ‘egimes. Thus,
baroclinic or even barotropic processes may intens.fy the
trough/subtropical jet couplet. It is even possib.e that the cyclomne

could initiate a perturbation in an initially zomnal subtropical westerly

flow.

This coupling is usually of short duration, siy one tc two days.
It ceases when the trough moves past and cuts off the outflow channel to
leave a slowly decaying cyclone (as happened with Iurricane Xerry); or
more typically when the westerlies move over the cyclone center and

strong shearing followed by rapid decay occurs.

8.4 Motion Mechanisms

In Chapter 7 and Holland (1983b) we used a ccrbined theoretical and
observational study to examine the major mechanisms of trorical cyclone
motion,

In essence, we have shown that cyclones move by an interaction
between the cyclone, the basic current, and the e:rth's vorticity field;
and, to a lesser extent, by an interaction betweer the cyclomne and the
earth’s surface. The precise details of these in eractions are not well
understood, but tke dominant mechanisms appear to be: 1) an advection
of the tropical cyclone vorticity field by the un: form component of the
basic current: 2) a differential advection and di- ergence of earth
vorticity by the cyclone circulation, which cause a west/southwestward
deviation from the basic current in the Southern !lemisphere; and 3)
differential effects of basic current asymmetries which may on occasion

cause large motion changes,
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An initially :ymmetric vortex on a f plane with no friction will
remain symmetric a1d simply be advected in a balanced state with the
basic current.

The cyclonic :otation across a gradient in earth vorticity, or B,
will distort the c¢yclone by causing an increase in cyclonic vorticity to
the west and antic) clonic verticity to the east. We believe that this
beta effect is alsc enhanced by the convective activity resulting from a
concomitant advect/on of moisture into the convergent eastern and
equatorward quadrant, However, the distortion is not umbounded; nor is
it uniform. Rathe:, our observations from nature and numerical model
experiments indicaie that tropical cyclomnes generally maintain 2
consistent, or slorly varying shape, suffer very little core region
distortion, and more along relatively straight tracks. We consider that
any tendency for corre region distortion is inhibited by the strong
inertial stability there. Outside 300 km, or so, the much lower
inertial stability allows more distortion to occur; but this distortion
normally maintains a quasi-steady state with the compensating effects of
relative vorticity advection and divergence.

The beta effe:t then provides two compovnents of motion: westward
and poleward., The differential advection of earth vorticity, which
distorts the cyclone, also moves it westward. The zonally orientated
cyclone/anticyclone couplet associated with the distortion further
introduce a poleward steering current over the cyclone core, However,
in an observational study this extra poleward compoment is merely part
of the derived basic current. Thus, the only observed beta effect is a

westward deviatior.



220

0f course, even though we have concentrated on the beta effect in
this study, a gradient of relative vorticity will 1iave a similar effect;
though additional asymmetric advective processes mast them be taken into
account,

We have also described the linear motion respinse tc a number of
current asymmetries and shown that they may be verv important. We have
also shown that basic current changes and random pesrturbations may
affect some cyclones more than others. Specifically: our lirear
results indicate that westward and rapidly moving zyclones are quite
insensitive to such effects; eastward and slowly moving cyclones are
quite semsitive and large changes may result from relative minor
perturbations. We consider that this provides a partial explanatior for
the observed steady motion of westward moving cyclones, and for the lLiigh
proportion of erratically moving cyclones over the Gulf of Carpentaria
and southwest Pacific Ocean,

We have suggested that the cyclone motion resulting from these (and
other) mechanisms is determined by the interactions in a radial btand
between the inertially stable inner region and distorted outer region.
We call this band the effective radius of interaction, and have provided
numerical modelling evidence that it is a function of size and strength
but not of intensity. Further research is required to see whether this
finding is consistent with observations.

As a corolliary to this effective radius concept we have also
speculated that the often observed trochoidal motion of hurricanes is
due to random perturbatioms, and subsequent oscillatiomns of the center

within the constraint of the slowly moviug outer envelope.
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In relating these theoretical results to observational studies we
have given careful consideration to the determination of a steering
current. We first determined the envirommental winds by extracting the
axisymmetric cyclone from all observations. Since in an axisymmetric
sense there then appears to be little horizontal variation of these
winds out to 6° latitude radivs, we followed the recommendation of Chan
and Gray (1982) anil used the average of all observations in a 5-7°
latitude band. This provides more observations and a better definition
than regions closer to the cyclone center. In the vertical, we have
shown that the azinuthal wind and vorticity gradients are surprisingly
consistent. Thus, under a vertically uniform basic current only minor
differential motion will occur. We have assumed that this differential,
together with that arising from a moderate vertical basic current shear,
can be compensated by cumulus transports. Then the cyclone can be
expected to move with the mass—weighted deep layer mean basic current,
Unfortunately, however, we have also shown that additional asymmetries
are present in the boundary layer inflow and upper tropospheric outflow
layer regimes. These asymmetries are not a part of the advecting
current and hence merely introduce unwanted noise.

Hence, we remove the axisymmetric cyclome from the 800-3C0 mb
mass—-weighted mear of the average winds over 5-7% 1atitude radius to
define a basic current. Linear interpolation is then used to determine
the current at the effective radius of interaction.

After calculating this steering current in a number of carefully
stratified composites we have shown that there is good agreement between
our simple theory and the observed motion of tropical cyclones. We have

also shown that the current asymmetries cannot always be neglected. In
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one example, recurvature was accomplished by a comb ned increase in
basic current speed and development of asymmetries '7ithout amy change in
its direction. Much more research is mneecded before the compliete effects
of different basic current asymmetries (vertical as well as horizontal)

will be fully understoed.
8.5 Further Research and Forecast Implications

We have described a2 number of interesting featares of tropical
cyclones in the Australian/southwest Pacific region, and of the ways in
which these cyclones intensify and move. But this vork is by no means
complete: the energetics and diuvrnal modulation of these cyclomes have
yet to be decumented; and more research is required on the specific
mechanisms responsible for cyclone formation, irntensity, size and
strength change, and movement.

We also hope that the information presemnted ir this paper will lead
te an improvement in the overall understanding that forecasters have on
tropical cyclomes in the Australian/southwest Pacific region; and
especially of the ways in which these systems intersify and move. But
history has shown that there is a long, and often wvnachievable, step
beiveen improved understanding and better forecasts. Further, in some
cases we have merely filled in details on events tlat were already known
to occur as a logical consegquence. For example, fcrecasters have known
for years that cyclone formation often follows a t:ade wind surge; we
have only provided some physics éf why this should be so.

Nevertheless. we believe that these results, :nd future research

based on them, hold some promise for forecast improvement. We also
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believe that this forecast improvement will occur mainly in the
" difficult’ situations of recurvature, rapid intensification, etc.

Structure and Enegetics. We have provided a comprehensive

description of the gross structural features of tropical cyclomes
throughout the Australian/southwest Pacific region. The logical rext
steps are to compare these cyclones to those in other ocean basins, and
to examine their erergetics and diurnal modulation. A comparison with
other regions coulc provide valuable information on the relative effects
of different envircnments. The energetics examination was originally a
component of this :irst stage; but it was deleted to keep the report to
a reasonable lengt!. Further work and publications on this energetics
component are planied, Most of our upper wind observations are taken
four times daily aid extend across a major continental area as well as
an uninterrupted o:ean. Hence, our basic data set, and compositing
routines, are well suited to a detailed examination of the diurnal
modulation of oceaiic and continental weather systems of different
intensities and lerels of organization. We envisage that this will
become a major are: of research on this project.

Intensity Change. In Chapters 4, 5, and 6 we have documented a
consistent upper tropospheric coupling between the cyclone outflow and
subtropical jet during intensification. This interaction is especially
apparent during thes development of intense systems.

Though the linkage is an observed fact, our present understandixng
of the underlying mechanisms is somewhat tentative. Further research
towards delineating these mechanisms, and their relative importance, is
needed and recommended. Such research should incorporate both

observational and numerical modelling approaches. OCbservational
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research, incorporating wherever possible all cyclone regions around the
globe, should attempt to discern the modes of interaction, obtain
statistics of their occurrence, describe their lifecycle and energetics.
A combine numerical modelling and observational study could then examine
the physical linkages in each mode.

It is alsoc possible that a quantitative intensity forecasting
scheme could be developed for use with upper tropospheric cloud winds,
Unpubliished real time calculations by the author daring the 1981
Atlantic hurricane season indicated that outward, jet—like surges in the
ontfiow layer often preceded intensification bursts by around 12 hours,
Similarly, a sudden reduction in these jets often preceded decay. Since
there are usually sufficient upper cloud wind observations to detect
such variations, further applications orientated research could lead to
the development of a good, objective intensity change forecast
technigue.

These upper tropospheric interactions might also provide the basis
for a hurricane modification program. Should further work confirm that
such interactions are indeed necessary for the development of intense
hurricanes, an examination of possible ways in which the interactions
corld be aborted would be desirable. Such methods might involve the
carbon black approach suggested by Gray (1973), ox they might require
hitherto unthouvught of procedures. This is a longer term project, but
ope with intrigping and potentially beneficial possibilities.

Size and Strengti Change. It is likely that a better understanding

of the concepts of size and strength will lead to an improved guality of
cyclone warnings. We also believe that size and stremgth changes are

important componenis of the formation and early development stages.
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This and previdjus studies suggest that size change is a result of
lower tropospheric :nvironmental interactions. We have also intimated
that strength chang: results from an internal rearrangement of angular
momentum following size change. But the actual physical processes have
barely been touched upon. A similar modus operani to that suggested for
intensity change is therefore recommended here.

Motion. Forecasting motion has been described as the most
important meteorolcgical decision facing any tropical cyclone forecaster
(Simpson, 1971). Errors in forecasting intensity, stremgth or size are
not nearly so ecritical as placing the cyclone in the wrong place. As
such this topic has also been subject to intense applied research
culminating in a number of forecast techriques (WMO, 1979; Neumann and
Pelissier, 1981; Keenan, 1981).

Can the results presented in Chapter 7 then be of any use in
forecasting cyclone motion? Possibly. We are attempting to extend this
basic approach to earn more about the mechanisms of cyclone motion. Ve
are also experimen:ing with the use of Eqs. (7.24 and 7.25) in a
forecast mode. Hovever, potentially more profitable Iines of
operational resear:h would be to use our current findings in the
development of sta:istical techniques; as a differentiator of
"difficult’ forecist situations; or as an input to the information
required by advanc:d numerical models.

Some very sophisticated statistical forecasting technigues have
been developed for tropical cyclone forecasting. Yet they all have less
skill than simple jersistence and climatological technigues equatorward
of 25° latitude (Nsumann and Pelissier, 1981; Keenan, 1981). One

contributing facto: to this lack of skill might lie in our finding that
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APPENDIX 1 - LIST OF SYMBOLS AND ACONYMS

1. Area
2. Static stability in Appendix 3

Baroclinity

Constant which defines the cyclone :ntensity
Specific heat of dry air at constani pressure
Inertial stability in Appenix 3

Thermal Forcing

Coriolis parameter

1. Frictional dissipation
2. Momentum forcing in Appendix 3

Internal stability

Unit vector in the local vertical

Ratio of gas constant to specific hiat at constant pressure
Absolute angular momentum in Append. x 3

Absolute angular momentum

Relative angular momentum

Pressure, pressure coordinate

Component of the pressure field neeled tc balance the
basic current,

1. Moisture mixing ratio
2. Deat source in Appendix 3

Radius
Effective radius

Radius of maximum winds
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Time

Temrerature

dr/dt, Radial wind component

Radial component of basic current

Axisymmetric radial wind component

A

A

v

B

B

C

E

1.

)
L.

r dp/dt, Aximuthal wind component
xisymmetric azimuthal wind component

zinuwthal component of basic current

dy/dt, Northward component of the total wind
inc velocity

as: ¢ current speed

et:. effect component of cyclone speed
yc .one speed of motion

as :ward component of the basic current
Northward component of the basic current

Component of the basic current normal to the
cyclone motion

Com>onent of the basic current parallel to the direction

o)

f :yclone motion

1. Eastward ordinate

2. Constant which defines the shape of the azimuthal wind
profile

1. Northward ordinate

2. Constant which defines the shape of the azimuthal wind
profile

1. Angle the basic current tenders with due north

2. Specific volume

= 9of/ 3y, Meridional variation of Coriolis parameter

Teéngent of the constant inflow angle

0 VNlay, Meridional component of divergence

DVF/ax, Zonal component of divergence
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0 1. Azimuth, measured counterclockwi:e from due north
2. Potential temperature

BE Equivalent potential temperature

Om Direction towards which cyclone is noving

G Vertical component of relative vorticity

La Vertical component of absolute vorticity

Ly Axisymmetric component of relative vorticity

Co = - BVE/By, Meridional component of relative
vorticity

%1 = - SVN/Bx, Zonal component of rel:tive
vorticity

] Streamfunction

] Geopotential

9 ¢ + rzfz/g in Appendix 3

X Momentum source in Appendix 3

® = dp/dt, Vertical motion in pressure coordinates

SER Subegquatorial Ridge

STR Subtropical Ridge

TUTT Tropical Upper Tropospheric Trough



APPEIIDIX 2 - THE COMPOSITE STRATIFICATIONS

A2.1 Preamble

The purpose of this appendix is to provide salient details on the
composites used in this study. Table A2.1 contains an abbreviated
summary of all compoysites, and section A2.2 gives the rationale behind
each stratification.

Complete infornation on these composites are held on file with
Professor Gray's project at CSU and with the author at the Australian
Bureau of Meteorolcgy. In addition to the actual composite information
described in Chapter 3, these files contain: 1) a listing of all
cyclones in the stratification, together with position, intensity,
motion, etc.; 2) a climatology of these cyclones, containing
distributions of all related parameters; 3) a composite of the latitude,
longitude, Julian cay number and their covariances for those cyclones
which contribute data to each grid point; 4) basic statistics on the
composite paramete1s.

We again emphisize the point made in Chapter 3 that these
composites are not gemeric, They have been derived for very specific
purposés. A carefil examination of the above files should be made

before they are us¢d for any other than their designated purpose.
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ALSO * * * TS 1598 12500 297/2.9 64 Cood i
AUS0L & % * * fturr 1798 12778 193/2.6 373 Good 1‘
AUSOS * * x| * Hurr BEEH 1429E 197/4.1 338 Goud |
ALS0A * I * « - 2108 1549k 941 la ;
ALSOY * ] * * lturr JECH 1/20F 157: 2.7 306 Exe
ALSO6 & * * * Hurt 1708 1729E 196/2.6 180 Exe “
AlISO % % * * Hurr 2008 17301 lor/3.2 nt Exe !
AUSO8 * * * * TS 1oV 1730 136/3.8 200 L |
AUSOY * * * * TS 1408 1700 159/1.9 179 Gonl I
ALS10 * ® * - 1898 11708 216/2.8 951 rair ;
AUSE? * A - 1998 1A49E T84/ 3.1 832 0,00 : [ ‘
AUS13 # * -- 2098 154VE 1520/74.2 467 ANEN R A
AliS L4 * * - 1798 161E 107/3.9 04 S0.47 | b .
AUSTS * * 1798 130°K 231/3.5 R RTA S0 06 ! Exc
AUSTO * * -~ l6''s 1299 53/3.8 1,108 G40 E e H
NWPRLT * * x 4k * TS 169N 1439E 290/4 .4 115 154 i Guod
NWPR 2 * * * * * Typh 189N 139V 30074, 91 113 Foir
NWPRE Y * * * o Typh o1k [IRFRYS ! HET I 0. G
NWPRI * * * ‘ * l * : Typh | SN i [ D01/4.7 ; LN ; 018 : ooy

Fig. A2.1. A listing of the salient details of th¢ composites used in
this study. Under the purpose column: STR indicates a
structure composite; INT an intensity ind/or intemsification
stratification; MOT a motion stratific: tion; TMP indicates
tkat thermal composites were possible; WND indicates that
wind composites were made. The quality column gives a sub-
jective estimate based on our analysis of each composite.

A2.2 Rationale for Each Composite

AUSO1, AUSO2, AUS03: Each of these composite: represents
sequential intensity and motion stages of major re:urving hurricanes in
the Australian region. In deriving them, we selec:ed all recurving
hurricanes in the Australian region for which the ninimum central
pressure was less than 960 mb and occurred at, or ‘vithin one day before,
recurvature. Tropical cyclones which attained maximum intensity at
landfall were excluded., The tracks were them trun:ated at the first
observation of a 995 mb central pressure, and eithzr two days after
maximum intensity or the first observation of 980 nb curing decay

(whichever came sooner). These cyclones were then separated into the
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westward moving t::opical storm stage (AUSO1), the intensifying hurricane
near recurvature Hhase (AUS02), and the decaying hurricane after
recurvature phase (AUS03).

The decay pericd cut off was to stop any undue bias by sheared off,
but nonetheless long lived and gradually weakening systems. We have
also assumed that the strict selection criteria imply a consistent
environment and tius minimize any windfield bias. However, since these
cyclones occur on both sides of the Australian continent we cannot also
produce acceptabl: thermal composites.

We have used these composites for structural comparisons and
motion. But because of their homogeneity, time rates of change can be
explicitly calculated. Thus, these composites will be of value in
future budget studies.

AUS04: This composite was derived in an attempt to delineate the
continental effects on cyclones off the east Australian coast. Tt
contains all cyclomes within about 500 km of the east coast, between 15
and 2508, and with central pressures of less than 990 mb. As such,
AUSO4 is quite asymmetric; there are many observations in the western
semicircle, but iew, and occasionally no, observations to the east. It
delineates the bioad continental influences very well, but has no other
use.

AUSQS, AUSO¢, AUSQ7, AUS09: These are the cceanic cyclome

composites which were derived to provide good thermal as well as wind
information on t;opical cyclones in the southwest Pacific region. To do
this we selected all hurricanes in the southwest Pacific which were at
least 1000 km from Australia, and in which the intemsifying hurricane

phase occurred botween 10 and 2008. Early and late season hurricanes,
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together with a couple at the eastern extremity of ti.e region, were also
deleted. Four separate composites were then made: che Steady State
Oceanic Hlurricane (AUSOS5) contains all deepening and decaying
observations at hurricane intensity; the Developing flceanic Hurricane
(AUS06) contains the deepening hurricane observation;; the Decaying
Oceanic Hurricane (AUSO7) contains the decaying obse :vatioms; and the
Pre-hurricane Tropical Storm (AUS(G9) contains the dereloping tropical
storm observations.

The above precautions were taken in an attempt :o ensure a stable
thermal composite despite the strong latitudinal gralients in this
region and the low level effects of the Australian continent. As we
have seen in Chapter 4 and 5, the result was some ex:ellent thermal
composites with quite fine details. Since AUS09, AU306, and AUSO7 all
contain the same cyclomes, we are also able to calculate time rates of
change for future budget calculations. However, the lack of definitive
intensity infcrmation in this region, especially fron earlier years (see
Chapter 2), meant that not all observations could be incorporated.

There is also some uncertainty about the exact points of transition to
tropical storm, intensifying, and decaying hurricame. We do not believe
that this uncertainty has significantly affected the resulting
composites.

AUS08: This Non-developing Tropical Storm composite was derived
for comparison with the AUS09 Pre-hurricane Tropical Storm. It contains
the intensifying phase of tropical storms in the sovthwest Pacific which
did not reach hurricane intensity. The same spatial and temporal

constraints as for AUSO9 were applied. AUSO8 is also subject to the
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same intensity uncertainty and may contain some minimal hurricanes;
again, we do not believe this has bhad a significant impact.

AUS10: This is a counterpoint to AUSO4 and delineates the
continental effects on cyclones off the northwestern Australian coast.
It contains cyclores within about 500 km of the coast, between 15 and
25°S, and with certral pressures less than 990 mb. AUS10 is also quite
asymmetric, with :1lmost no observations in the western sector. Thus, as
with AUSO4, it delineates the broad continental influences very well,
but has no other 1se.

AUS12, AUS13 _AUS14, AUS15, AUS16: These are our first purely

motion composites They were derived from steadily moving cyclones
which suffered no major perturbations or change of direction. The
tropical depressinn stages were deleted, as were all cyclones moving
faster than 7.5 m s_l. AUS15 and AUS16 are made up from tropical
cyclones which mo’ed continuously westward, of which those moving
between northwest and southwest comprise AUS16 and those bétweeu west
and south compris: AUS15. AUS12 is made up from cyclones which moved
continuously betwsen southwest and southeast. AUS13 and AUS14 are made
up from cyclones which moved continuously westward, of which those
moving between south and east comprise AUS13 and those between southeast
and northeast comprise AUS14,.

We have presumed that the consistent long term tracks imply a
consistent environmental wind field and thus minimize any bias problems.
We have also taken no account of intensity, strength or size variatiosns.
We have shown in Chapter 7 that intensity variations should be of no

consequence. Size or strength fluctuations in individual cyclones may

have introduced some noise, but the total effect seems to be small. In
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any case, we cannot at present differentiate size and stremgth change in

the Australian/southwest Pacific region.



APPENDIX 3 - THE BALANCED VORTEX MODEL

We begin witt the Eliassen (1951) balanced vortex equations in the

form:

n® _ 09
3 ar
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9 _ _
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where m = v + £ 72/2 is the absolute angular momentum per unit mass, 9

2 2

= ¢ + f° r"/g, X .nd Q are the momentum and heat sources,
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-=+u ——+w 7— and :he other terms have their usuwal meaning.

ot ar op
The hydrosta:ic Eqg.

(A3.2) and the gas law yield
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_ 9 %% _ ]
dp ot a at(1n9) (A3.7)

and the gradient wind Eq. (A3.1) yields

2
m

A dm”
ar ot r3 at (A3.8)

Substituting Eqs. (A3.7), (A3.8) into Eqs. (A3 2), (A3.6) and

(A3.4) we have

_ 2 23 ) 2. _ a0
ap at + a w ap (In ©) +au Py (1n ©) CPT (A3.9)
2 2
a a9 ¢ dm u 2m m) .
—— + — — —— —— = —— G .
ar at 3 ap ¥ 2 as 3 (A3.10)

We next defime a streamfunction y such that

o - A (A3.11)

vo= ap’ © ror

The continuity Eq. (A3.5) is then satisfied. Substituting Eq. (A3.11)

into Eqs. (A3.9), (A3.10) and elimipating time derivatives then gives

the diagnostic equation in ¥

ar¥y | g av ory 8% . 8E , OF (A3.12)

2 9 x
rdr B ap) * op (B 11 ap ér dp

or (A

where



255

A : . iy
A = ¢ 3 (In €) (Static Stability) (A3.13)
2 an”
B = aj- (In@) = ——3‘“ (Baroclinity)
r dp (A3.14)
om? ar 2
cC = 3 B = (f+ —3”Y)(f+ £¥) (Inertial Stability)
8 ror * (A3.15)
_aQ .
E = CT (Thermal Forcing)
b {A3.16)
F = g--m--x(Momem:m'r Forcing)
r3 (A3.17)

Equation (A3.12) was then solved in finite difference form using
successive over-relaxation onm a 33 x 151 grid with spacing of 30 mb in
the vertical and 10 km in the horizontal. Boundary conditions were { =
0 at the origin ard upper and lower boundaries, and 3V/3r comstant at
the outer boundary (which was sufficiently well removed to have no

effect on the calculations).



APPENDIX 4 - AN ALTERNATE AXISYMMETRIC AZIMUTHAL WIND PROFILE FOR

TROPICAL CYCLONES

A correction is applied to the well known modij ied Rankine vortex
to provide an accurate description of the azimuthal wind profile outside
the inner core region. The effects on vorticity, argular momentum,

inertial stability and kinetic emergy are described

A4.1. Description

The commonly used modified Rankine vortex

vit = C, r>r (A4.1)
fr’" = C, rdr (A4.2)

is based on the the assumption of constant relative angular momentum due
to efficient horizontal transports in the inner region of tropical
cyclones, with some modification due to frictional losses which increase
as the square of the wind speed. This profile, with the shape typically
defined by 0.4 ( x 0.6, can very well simulate actual wind profiles in
the inner core regions of tropical cyclomes (Holland, 1980). But it
becomes quite unrealistic in the outer regions where it considerably
overestimates the observed wind speeds.

An alternative is therefore proposed in which the qguasi-
conservative parameter is still relative angular mcmentum in the inner

core but this is modified at larger radii. The suggested equation is



(A4.3)

where Cq, x define the intensity and shape of the inner core region and
Cy, y define the deviation from the modified Rankine vortex in outer

regions,
Ad4.2 Method of Sclution

We require deta at two poirnts in the core region, Tyr Vs Tys Vg

and at two points in the outer region r Then from Eq.

3’ V3, 1‘4, V4.

A4.1, since C1 is constant

x = 1n (vz/vl)/ln (rl/rz) (A4 .4)

X (A4.5)

For the outer reg:on, defining

A3 = Clr3 -V,
A4 . C1r4~x - v, (Ad.6)
we have similarly from Eq. A4.3
y = In (A3/A4}/1n (r3/r4) (A4.7)
c, = /\3::3_5’ (A4.8)

A4.3 Pacific Typioon Examples

The pressure weighted average tangential wind profiles for the
WPD3d (Developing Tropical Storm), WPD4 (Steady State Typhoon), and WPDS5

(supertyphoon) data sets (c.f. Gray et al., 1982) for SFC-850 mb, SFC-

300 mb, and 250-150 mb are given in Fig. A4.1. Notice that the upper

outflow layer has the same shape as the inflow layers and can be
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described by Eq. A4.:! with suitably reduced empirical constants Cqy and
Ca.

Using typical p: rameters for the inner core region the rough best
fit parameters in Eq. A4.3 to the profiles for each cyclone are given in
Table A4.1, together with mean error, standard deviation, and RMS error.

(The standard deviation is presented purely as a measure of variance).

TABLE A4.1

Profile parameters aid errors from the application of Eq. A4.3 to
northwest Pacific tropical cyclones,

Error
Cyclone Level Vi T, x ¢y v ¢y Mean SD RMS
SFC-850 60 4 0.6 34,625 1.000 3.0532107° 0.2 0.9 0.8
WPDS SFC-300 60 4 0.6 34,625 1.171 5.213x1077 -0.1 0.7 0.4
250-300 20 I’y 0.6 11,542 0.892 4.3322107° 0.3 1.1 1.1
SFC-850 40 O 0.5 8,000 1.26 8.293x107° -0.3 0.5 0.7
WPDa SFC-300 40 4 0.5 8,000 1.14 6.9112107" 0.2 1.0 0.8
250-300 15 5) 0.5 3,354 0.69 7.965x107% 0.4 1.1 1.2
SFC-850 25 O 0.4 1,733 1.95 4.917x10712 0.0 0.7 0.5
WPD3D  SFC-300 20 ) 0.4 1,516 1.917 1.031x10" 21 -0.1 0.7 0.5
250-300 5 10) 0.4 500 0.283 0.098 0.7 0.9 1.2

A4.4 Discussion

We saw in sectio>n A4.1 that Eq. A4.3, with suitably chosen
parameters could accirately describe the axisymmetric wind profiles of
Pacific typhoons at large radii. In this section we briefly present and
compare the profiles of azimuthal winds, vorticity, angular momentum
inertial stability aid kinetic energy for the WPD4 typhoon using Eq.

A4.3, and the normal Rankine vortex Eq. A4.1 with x = 0.5 and x = 1.
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The modified Rankine vortex,with x = 0.5, has often een used to
describe inner core winds and many people have used ‘he full Rankine
vortex, with x = 1, in analytic work and in defining a symmetric storm.

Azimuthal Winds: The azimuthal winds for the tliree different

profiles are shown in Fig. A4.2. We see that Eq. A4 1 with x = 0.5
provides a fair description out to about 4° latitude radius but begirns
to diverge after that. The Rankine vortex, x = 1, is a very poor fit to
the observed data at all radii.

Relative Vorticity: Relative vorticity in an atisymmetric vortex

is given by

ory (A4.9)

r

,\‘
I
L

which on substituting Eq. A4.3 becomes

T = % ((1—X)C1r_x - (1+y)C2ry) (A4.10)
or from the modified Rankine vortex Eq. A4.1
ro- 1-x c % (A4.11)
T 1

The radial profiles of relative vorticity from these two equations
are shown in Fig. A4.3. Surprisingly, Eq. A4.1 with x = 0.5 is a fair
approximation, except that the observed anticyclonic vorticity ouvtside
6° latitude radius is not duplicated. The cyclonic values given by Eq.
A4.11 at these radii arise from the reduction in anticyclonic shear and

higher cyclonic winds in Eq. A4.1 compared to Eq. A¢.3.



261

50 T T T T ]
WPD4
“© 40} .
£ ..+« Eq(A4-3) SFC-300mb
o = Eq(A4:3) SFC-850mb
L 30‘{ —-Eq{A41) X =0.5 ]|
| - . =

é) | Eq(Ad4l) X =1.0
= L\
s 201\
1 \
3
T 10}
]
=
X 0

_IO 1 1 1 | { 1

RADIUS (°lat)

Fig. A4.2. Azimu:hal wind profiles described by the three techmiguaes
of Eq. A4.3, Eq. A4.1 with x = 0.5 (modified Rankine
vorte::), Bq. A4.1 with x = 1 (full Rankine vortex).

I i i ! I

WPD4

W
@)
T

s+ s+ Eq(A4:/0)SFC-300mb
- Eq(A4:10)SFC-850mb

—- EqlA411)X=0.5 .
-== Eq(A41) X=1.0

N
O
T

RELATIVE VORTICITY (s7'x10™)
o

A
(@]

RADIUS (°lat)
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The Rankine vortex (x = 1) has zero relative vorticity everywhere
and provides no information on the actual vorticitics.

Inertial Stability: The inertial stability parameter is given by

I2 = (r,**z;v) (g +f£)

(Ad4.12)

The resulting profiles of inertial stability un:ing either Egs. A4.1
and A4.11, or Eqs. A4.3 and A4.10 are shown in Fig. A4.4. Once again,
the x = 0.5 profile is a quite good approximation t» the actual profile.
However, the x = 1 Rankine vortex is quite poor and. given a constant
static stability and radial wind forcing, would all w air to flow in
much closer to the center than would be possible fo::r the observed

profile.

Relative Angular Momentum: The relative angulir momentum is given
by

M = Vr (A4.13)

and the resulting profiles are shown in Fig. A4.5. The x = 0.5 profile
is a quite poor approximation outside 2-4° latitude radius and the x = 1
profile, which has constant relative angular momentim everywhere,
provides no useful information.

Kinetic Energy: The radial profiles of kineti: emergy/unit mass

are shown in Fig. A4.6. The x = 0.5 profile is a pdor approxzimation
outside 4° latitude radius and the x = 1 profile is a very poor fit at

all radii.
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Fig. A4.6. As Fig. A4.2 but for kinetic energy.
A4.5 Conclusion

The suggested correction to the modified Rankine vortex at large
radii allows a very good fit to be made to the observed axisymmetric
wind profiles in tropical cyclones. The modified lankine vortex with x
= 0.5 or thereabouts can describe the wind and dyn:mic profiles out to
4-6° latitude radius with reasonable accuracy but :rapidly becomes
inaccurate at larger radii. The full Rankine vort:x is a quite poor

description of the observed momentum and dynamic f.elds at all radii.
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