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ABSTRACT

A brief summary of new observational inferences on the genesis,
structure, intensity change, and motion of tropical cyclones that
have been obtained by the rawinsonde composite analysis is given.
It is shown that tropical cyclone intensity change is primarily
related to the degree of thermal wind imbalance occurring in the
system and not to the amount and/or concentration of cumulus con-
vection. Cyclone intensity is not well related to the strength
of the cyclone's transverse circulation and/or amount of deep
cumulus convection, The likely fundamental role for cyclone gen-
esis and intensification of the vertical rearrangement of hori-
zontal momentum by Cb up and down draughts is discussed.

Basic characteristics of tropical cyclone structure are discus-
sed. Tropical cyclone motion as related to upper and lower trop-
ospheric winds and horizontal gradients of tropospheric temper-
ature across the cyclone is discussed. Suggested new ways of
utilising jet aircraft reconnaissance for cyclone intensity,
motion and intensity change are presented.

INTRODUCTION

The author's project has been conducting research on the physical processes
of tropical cyclones for a number of years. It will be assumed that the
reader is generally familiar with this research, the recent findings of which
are contained in papers by Gray (1975, 1977, 1979a), Frank (1977a, b, c, d),
Arnold (1977), McBride (1979), and Niiez and Gray (1977). This paper will
only summarise (within page limitations) some of our project's most recent
research results concerning the processes of tropical cyclone genesis, in-
tensity change, structure, and motion. A discussion about jet aircraft
reconnaissance of these cyclones is made.

Research methodology

A sparsity of observational data is the major problem to understanding tropical
cyclones. Rawinsonde data around an individual tropical weather system are
never adequate to permit a realistic quantitative analysis of a particular
system's structure, energetics, etc. Aircraft data have been able to sample
only the inner core region of storms. To perform quantitative analysis one

is required to resort to the procedure of compositing or averaging large
quantities of rawinsonde data from cyclone systems with similar character-
istics. If surrounding rawinsonde data are assembled for many years, cyclones
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can be carefully stratified into various classes by intensity, intensity
change, motion, etc. It is then possible to quantitatively analyse differ-
ences between the various composited data subsets to learn what basic physical
parameters are associated with these systems., The author believes this metho-
dology offers the .only possible-avenue. for realistic quantitative analysis of
tropical cyclones. New technical developments with magnetic tape storage and
retrieval of rawinsonde data now make such a research approach possible.

The author's research project has been following this research methodology
for a number of years. The papers of Williams and Gray (1973}, George and
Gray (1976, 1977), and Frank (1977a, b, c) more thoroughly discuss the composi-
ting approach. The author is very optimistic about what can be accomplished
with regard to our understanding of tropical cyclones when and if this rawin-
sonde compositing methodology is fully exploited.

Numeriecal modelling
Two types of numerical modelling effort are now in progress:

(a) those directed towards an understanding of the physical processes
operating in tropical cyclones; and

(b) those attempting operational-type forecasts of tropical cyclones
through utilisation of real observational data sets.

Much has been and is being learned about the tropical cyclone from the
first type of modelling effort. These efforts have been an invaluable tool
to an understanding of tropical cyclones and increased efforts need to be
made, But physical modelling efforts should not be attempted in isolation
from observational data and vice versa. The interplay of the observations
and the numerical modelling directed towards physical understanding is begin-
ning to increase greatly our knowledge of tropical systems.

Given the sparsity of tropical oceanic data and the physical complexity
of the tropical cyclone it is questionable to the author whether the second
type of real world numerical forecasting of tropical cyclones will become super-
ior to empirically derived forecasting techniques, except for the extended
period forecast of tropical cyclone motion., Real world numerical forecasts
of tropical cyclones are likely to prove valuable only when used in conjunction
with empirically derived forecast schemes.

All numerical modelling efforts are dependent on the physical assumptions
involved. At the present time our physical understanding of tropical weather
systems is still quite inadequate in many aspects, such as cloud vertical mom-
entum rearrangement, sea-air energy flux, wind-pressure balance, etc. It is
to be expected that numerical modelling results will also be inadequate because
the models have not correctly handled these physical aspects.

TROPICAL CYCLONE INTENSITY CHANGE

Most theoretical and numerical models of tropical cyclones show the rate of

the cyclone's intensity change being dependent on the change in the strength
of the cyclone's radial or transverse circulation. This assessment appears

valid only at inner core radii (r < 100 to 150 km), and not for the cyclone

as a whole.
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Our rawinsonde data compositing is indicating that the strength of the
tropical cyclone's total upward vertical motion field is only very weakly
related (in an average sense) to its genesis or intensification potential.
Satellite information indicates that individual intensifying, steady and
filling systems have wide variations in their deep penetrative convection
and upper vertical motion fields. These observations have been discussed
in reports by Zehr (1976), Erickson (1977), Arnold (1977), and McBride (1979).

Eighteen of our rawinsonde composite tropical cyclone data sets have
been divided into two groups: (a) deepening systems and (b) filling or steady
systems. Table 1 compares the average inflow angle, integrated from the
surface to 850 mb, of the deepening v. filling or steady systems. Little
difference is found. What difference there is indicates that the filling
systems have slightly larger inflow.

Table 1 Inflow angle integrated from the surface to
850 mb for different radii of deepening v.
filling or steady systems

Radius
S 5 Area weiggted
Data sets 2 4 0 to 6
Deepening 6° 11° 11°
Filling or steady 10° 12° 11°

The radial or transverse circulation of tropical disturbances and storms
exports substantial amounts of total energy (McBride 1979). This means that
if the radial circulation through the tropical system is reduced then, other
factors remaining constant, the system will accumulate energy and intensify.

We may thus better understand this transverse circulation-intensity
relationship. Intensification takes place when the radial circulation is
decreased and the system accumulates energy. Much of the required inward
angular momentum transport to balance surface angular momentum dissipation
in the tropical cyclone (Frank 1977d, McBride 1979) is accomplished by hori-
zontal eddy processes. This alleviates the need for the cyclone to increase
its transverse circulation when it increases intensity.

Wind-pressure balance
The ratio of the wind to pressure gradient acceleration has been calculated

for these 18 data sets at 900 mb and 200 mb using the cylindrical gradient
wind equation in the form:

v, 2 5
6 A
fVe + 5 = - g57 p ea 1
" (wind (pressure

acceleration) acceleration)
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where £ = Coriolis parameter
= radius
VG = vglociﬁy in the tangential or 8 direction, positive anticlock-
wise
Z = height of a pressure surface

Data sets were divided into deepening v. filling or steady systems. The terms
of Eqn 1 were area weighted and averaged from 3° to 11° radius. The ratio of
wind to pressure acceleration was calculated in the upper and lower troposphere
and then averaged. The results are shown in Table 2. In the lower level the
deepening systems show supergradient wind while the filling or steady systems
indicate weak subgradient winds. At the upper level, both systems have sub-
gradient winds. The deepening systems, however, indicate less subgradient
winds. Similar results are obtained for calculations between 5 to 9° radius
and 7 to 11° radius.

Supergradient or less subgradient winds at these levels would result in
a decrease in the radial circulation through the system,.

Table 2 Ratio of the wind pressure gradient accelerations for the deepen-
ing and filling or steady data sets area weighted from 3 to 11
radius

Deepening Filling or steady Difference

200 mb 0.74 0.64 16%

900 mb 1,14 0.86 33%

Thermal wind considerations

Gradient wind balance determination requires a measurement of horizontal pres-
sure gradient, which is difficult to accurately determine in tropical systems
at upper levels due to uncertainty in height gradients., The best way to deter-
mine wind pressure imbalances is to integrate the cylindrical thermal wind
equation (Eqn 2) over a large radial interval and through a deep tropospheric
layer (the thermal wind equation is no more than a vertical difference of the
horizontal momentum equation between two levels). The complete cylindrical
thermal wind equation with origin at the centre of a vortex can be written

as:

PO N T W NI M S ;
( ) P p ‘dr’p  3dp op - dt o
where Vr = velocity in the radial direction relative to the moving storm
centre, positive outward
Fr = frictional acceleration in radial direction
g?' = substantial derivative

and other symbols as normally or previously defined.
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Disregarding the second and third terms on the right side of Eqn 2 by
assuming quasi-steady and frictionless motion, Eqn 2 can be abbreviated as:

WS = B e 3
A
where W = (f + - ) is a rotation parameter
v
S = 55— is vertical wind shear
B = -2 @ o baroclinicit
p or'p v

In gradient wind balance and steady conditions WS is approximately equal to
B. If WS > B then wind accelerations are larger than those specified by the
thermal or pressure fields. If WS < B wind acceleration is smaller than the
pressure accelerations.

New analysis of tropical weather systems that has just been completed
is showing that the crucial factor determining tropical cyclone intensity
change is the degree of wind-pressure imbalance existing within the systems.
Cyclone genesis and cyclone intensity increase appear to be associated with
a significant 150 to 900 mb tropospheric layer thermal wind imbalance. The
cylindrical thermal wind equation is unbalanced such that horizontal temper-
ature gradients are weaker than those required by the wind patterns. Con-
versely, tropical system intensity decrease is typically associated with
cyclone wind - vertical shears being weaker than that specified by the ther-
mal fields.

Recent research by Silva Dias and Schubert (1979) and Schubert (personal
communication) is showing that in the tropics (where f is small) the adjust-
ment of wind-pressure imbalances is such that the pressure (or mass field)
primarily adjusts to the wind field. Wind does not generally adjust to pres-
sure at low latitudes and on a scale less than 1500 km. Thus, it is likely
that the pressure decrease in tropical systems primarily results from an
adjustment of a weaker pressure gradient field (in this case inner éyclone
region sinking warming) to a stronger wind field. Conversely, cyclones fill
when their wind and vertical shear fields become weaker than their baroclinic
fields.

Equation 3 can be integrated between various radial intervals and through
various tropospheric layers to determine the extent to which WS balances B
for various rawinsonde composited tropical systems in an intensifying, steady,
or weakening stage. .Table 3 gives percentage imbalances between terms WS and
B for various tropical systems. WS and B have been integrated through the
tropospheric layer between 900 and0150 mb, by 58 to 100 mb layer steps, and
between radial intervals of 3 to 7  and 3 to 11° latitude. Note that for
the cyclone systems undergoing intensity increase the WS term is larger than
the B term by a substantial percentage. The opposite occurs with cyclone
filling. Steady-state systems appear to have baroclinic fields slightly in
excess of their wind and shear fields. Such thermal wind imbalances are
difficult to evaluate in the early cloud cluster stage of cyclone genesis.
Wind and thermal fields are very small and the rates of intensity change are
quite slow at this stage. Tropical cyclone genesis is, nevertheless, a likely
consequence of similar wind-pressure imbalances. These observational results
and their implications will be more extensively discussed in a forthcoming
paper by E. Ninez (1980).
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Table 3 Measured mean percentage imbalance of cylindrical thermal wind
equation through the layer 900 to 150 mb and between various
radial intervals or [(WS - B)/ % (WS + B)] x 100. Positive values
indicate wind-shear fields are stronger than baroclinic fields

Tropical system 3 to 7° radius 3 to 11° radius
average average

DEEPENING

Intensifying tropical storms that become
typhoons (Pacific) +52 +48

Intensifying tropical storms that become
hurricanes (Atlantic) +28 + 2

Very rapidly deepening (> 40 mb/24 h)
typhoons - 24 hours before deepening +45 +93

Very rapidly deepening (> 40 mb/24 h)
typhoons at beginning of deepening period +17 +58

Hurricanes and typhoons in approximately
steady state -24 -16

FILLING SYSTEMS

Non-developing tropical storms that never
reach typhoon intensity -80 -25

Filling typhoons . =44 -37

These physical arguments are consistent with recent numerical modelling
evidence by W, Fingerhut of our project showing how generally ineffective
energy sources are for cyclone intensification. When surface energy flux and
internal system energy is increased by sizeable amounts, only slow system
growth occurs. By contrast, when tropical system vertical wind shears are
arbitrarily increased by only moderate values (without concomitant alterations
in the pressure fields) rapid intensification results. These numerical model-
ling results will be more extensively discussed in a forthcoming paper by
W. Fingerhut (1980). These results indicate that CISK-type and balanced flow
concepts of cyclone genesis - intensification may be less valid than previously
thought.

It might also be noted that wind-pressure or thermal wind imbalances have
been observed in the inner core of tropical cycloncs by Gray (1967), Gray and
Shea (1973), and by Sheets (1979). What can cause the wind-pressure or thermal
wind imbalance necessary for genesis? There appears to be two basic causes of
gradient wind or thermal wind imbalance: one is external to the tropical system
and the other internal to it.
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Externally created thermal wind imbalances

The clustering of tropical cyclones in time and location has been noted by

a number of researchers. The association of tropical cyclone intensity

change with recurvature and colder air on the poleward side of the cyclone

is well known. Cyclones intensify most rapidly away from baroclinic zones

and within monsoon troughs whose low level north-south horizontal wind shears
are large. Alterations of the trade winds and enhanced cross-equatorial mass
flow are likely to lead (in cyclone genesis cases) to a strengthening of the
winds about the monsoon trough without a corresponding increase in the trough's
pressure gradients or thermal fields as idealised in Fig. 1.

It is believed that such large-scale circulation changes can occur in
either wind or in pressure gradient without there existing a continuous wind-
pressure balance. Our recent analysis indicates that significant variations
in the large-scale tropical momentum fields without concomitant variations in
the pressure-thermal fields routinely occur in the tropics. Theoretical
results (Silva Dias and Schubert 1979) also show that the time scale of adjust-
ment of such large-scale wind-pressure imbalances is of the order of a day or
so. Adjustment is thus relatively slow. These imbalances are likely to per-
sist for extended periods.

Inner-storm developed thermal-wind imbalances

It has been previously hypothesised by Imperial College scientists (Green
and Pearce 1962, Ludlam 1963, 1966, Moncreiff and Green 1972, Moncreiff and
Miller 1976) that Cb clouds existing in large vertical shear (as in squall
lines) can produce significant momentum alterations to the upper and lower
troposphere such that tropospheric vertical wind can actually be increased
rather than reduced as would occur with down-gradient mixing, Our recent
observational studies and new CSU numerical modelling results of W. Cotton
and G. Tripoli (private communication) are indicating general agreement with
the Imperial College assessment. When we solve for friction as a residual
in the cylindrical tangential equation for developed tropical cyclones, we
obtain frictional residuals of magnitude and sign indicating that Cb con-
vection can act in the sense hypothesised by the Imperial College model.

If Cb convection does act to enhance the vertical wind shear between the
lower and upper troposphere as illustrated in Fig. 2, then a mechanism exists
whereby the thermal wind can be imbalanced by convection towards WS > B, The
tropical system's mass field will then respond to such a thermal wind imbalance
by developing larger temperature gradients - i.e., extra inner storm warming.
Thus, Cb convection can act as a positive feedback on the large-scale tropical
system.

That such external and internal thermal wind imbalances are probably
taking place is evidenced by the data in Table 3.

Processes of cyclone weakening-strengthening

It is observed that cyclones begin to weaken at recurvature or when a middle
latitude trough approaches on the poleward side. It is in these situations
that cold air impinges onto the cyclone's poleward flanks. This increases
the cyclone's outer baroclinic fields and simultaneously mixes the cyclone's
easterly circulation to its north (northern hemisphere) with the poleward
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Fig. 1 Idealised picture of how middle Iatitude baroclinic storm systems might act to increase the low-level trade wind currents, enhance
cross-equatorial flow, and strengthen the monsoon trough wind fields near Guam.

(o} (b)

BEFORE CB CONVECTION
= == == == AFTER CB CONVECTION

Fig. 2 ldealised picture of how Cb convection acts to increase the tropospheric vertical wind shear.
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westerlies. This reduces the cyclone wind and vertical shear fields. The
thermal wind equation becomes imbalanced such that WS < B. By previous
reasoning a general cyclone weakening must result.

Condensation-produced enthalpy changes

The above described mode of tropical system temperature change is consistent
with studies (most recently by Frank 1978, Grube 1979) indicating that the
latent heat released from cumulus clouds does not directly cause temperature
increase in the tropical atmosphere. Cloud condensation induced enthalpy
changes occur primarily as a result of the cloud's return flow subsidence
and adiabatic compression. This can occur at large distances from where the
convection has occurred and/or be balanced by cloud re-evaporation cooling.

Condensation-produced enthalpy change in tropical systems is not well
related to the vertical motion at the top of the boundary layer or to bound-
ary layer moisture convergence (as assumed by the many CISK and wave-CISK
modellers). Tropical temperature change can probably only be realistically
modelled as a consequence of a response to an unbalanced momentum field,

TROPICAL CYCLONE STRUCTURE

Aircraft data have provided the best information concerning the central core
regions of tropical cyclones (radii < 100 to 200 km). There are a number of
case studies of individual storms based on northwest Atlantic hurricane flight
data (Riehl and Malkus 1961, La Seur and Hawkins 1963, Sheets 1967a, b, 1968,
1979, Hawkins and Rubsam 1968, Hawkins and Imbembo 1976) and also statistical
treatment of this flight data (Gray 1967, Shea and Gray 1973, Gray and Shea
1973, 1976). Logistical considerations have limited the ability of aircraft
to provide information concerning the outer convective regions of the storm
and its broader-scale environment. Page limitation precludes a discussion of
this inner core tropical cyclone information.

Quantitative information concerning the large-scale structure of the
typhoon and hurricane has been given by Frank (1977a, b, c), Arnold (1977)
Ninez and Gray (1977), Gray (1979a), and McBride (1979). Some of the most
significant findings concerning the structure of the tropical cyclone are:

(1)  The transverse or radial circulations of tropical cyclones export
significant amounts of total energy. From an energy point of
view, any process that inhibits the cyclone transverse circulation
acts to aid energy accumulation within the cyclone.

(2) Significant amounts of mass convergence occur at outer radii above
900 mb and cannot be considered to be driven by boundary layer
friction. The outer radii maintenance of the tropical cyclone's
radial circulation cannot be explained by CISK related physical
arguments,

(3) The angular momentum budget of the tropical cyclone requires that
significant amounts of angular momentum be imported at upper tropo-
spheric levels (at radii > 40) by horizontal eddy processes (see
Frank 1977d).

(4) Tropical cyclones export very large amounts of kinetic energy (at
radii > 40) in their upper tropospheric outflow layers. A large
portion of this kinetic energy export is accomplished through
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horizontal eddy processes. Such exports require a large sub-grid
(or likely cloud-scale) generation of kinetic energy (see Frank
1977¢c, d). '

(5 Tropical cyclone moisture and total energy budgets require that
there be a significant up-and-down mass recycling in the lower
half of the troposphere that is significantly larger than the mean
circulation (Frank 1977¢). Such low level mass recycling allows
the cyclone's boundary layer energy budget to be maintained with-
out the large ocean energy transfers such as those originally
hypothesised at inner core by Malkus and Riehl (1960) and Leipper
(1967) . Boundary layer air in the tropical cyclone does not
simply flow in and expand adiabatically, go up in the eyewall,
and depart. There is an enormous amount of mass recycling in the
lower levels at all radii that results in the liberation of latent
heat. Sub-cloud boundary layer air may vertically recycle several
times in and out of the boundary layer before reaching the cyclone's
inner convective eyewall.

(6) The structure of the tropical cyclone requires that a substantial
amount of cloud-scale or turbulent vertical momentum rearrange-
ment be continually occurring. Calculation of friction as a
residual from the measurable terms in the equations of motion
and the expected turbulent boundary layer friction indicates that
these cloud-scale momentum rearrangements act to cause a signifi-
cant increase of low level tangential wind and decrease of upper
tropospheric tangential wind.

(7 The amount and intensity of the cumulus convection occurring in
the tropical cyclone has only a very weak relationship to the
intensity or intensity change of the tropical cyclone (Arnold
1977).

(8) There can be large diurnal variations in the size of the tropical
cyclone's cirrus shield (mid-afternoon maximum, early morning
minimum) . These variations are likely to be radiationally driven
and have no significant effects on the tropical cyclone's diurnal
intensity changes, which are quite small. Quite large and signi-
ficant diurnal variations in vertical motion (late morning maxi-
mum, evening minimum) are, however, observed in weaker tropical
weather systems throughout the oceanic tropics (see Gray and
Jacobson 1977, McBride and Gray 1978).

TROPICAL CYCLONE MOTION

The steering level concept for tropical cyclones appears to be well verified
by composited rawinsonde data. When cyclone motion and surrounding wind-
height fields are stratified by storm direction, speed, intensity, intensity
change, latitude, etc., it has been shown that cyclone motion is well related
to middle tropospheric flow patterns (George and Gray 1976, Gray 1977). New
and more complete steering flow relationships based on upper and lower tropo-
spheric data will be reported upon scon (Chan and Gray 1980).

Although steering flow relationships have been found to be superior at
middle levels (or with mean tropospheric data - C. Neumann (personal communi-
cation 1978)}), growing deficiencies in middle (or mean) tropospheric data
require that steering flow relationships based solely on lower and upper
tropospheric data be more firmly established. Recent cut-backs in tropical






