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The core of a tropical cyclone occupies the inner 100-200 km of the vortex. It is
dominated by a cyclonic primary circulation in balance with a nearly axisymmetric,
warm core low pressure anomaly. Superimposed on the primary circulation are
weaker asymmetric motions and an axisymmetric secondary circulation. The
asymmetries, which may be either internal gravity waves or Rossby waves, modulate
precipitation and cloud into trailing spirals. The axisymmetric secondary
circulation, driven by latent heat release and surface friction, comprises the
following parts: surface inflow that extracts latent heat from the sea and replaces
the frictional loss of angular momentum (M) to the sea; diabatically forced deep
inflow that supplies an excess of M above frictional loss; the eyewall, an outward
sloping locus of convective ascent; diabatically forced descent inside the eye; and
upper tropospheric outflow. The eyewall usually moves inward as a result of
differential adiabatic heating across the wind maximum. Eyewall succession occurs
in intense cyclones when two concentric eyewalls are present and the outer replaces
the inner.

Because of their semibalanced dynamics, the primary and secondary
circulations are relatively simple and well understood. These dynamics are not valid
in the upper troposphere where the outflow is comparable to the swirling flow, nor
do they apply to the asymmetric motions. Since the synoptic-scale environment
appears to interact with the vortex core in the upper troposphere by means of the
asymmetric motions, future research should emphasise this aspect of the

tropical-cyclone dynamics.

Introduction

‘The eye of the storm’ is a metaphor for calm
within chaos. The core of a tropical cyclone,
encompassing the eye and the inner 100-200 km
of the cyclone’s 1000-1500 km radial extent, is
hardly tranquil; but the great rotational inertia of
the swirling wind makes it a region of orderly,
though intense, motion.

In the core, the local Rossby number is always >
1 and may be > 102; air swirling around the centre
completes an orbit in less than a pendulum day.
The core occupies only 1 to 4 per cent of the
cyclone’s area, but its strong winds threaten
human activities and makes the cyclone’s
dynamics unique. Except at the upper tropo-
sphere outflow level, axisymmetric swirling domi-
nates the flow in the core; asymmetric and radial
motions are typicallly less than 10 per cent of the
total wind. The vortex and core lie respectively on
the meso-a and meso-p spatial scales (as defined
by Orlanski 1975). Many features in the core,
however, have synoptic time-scales, persisting
with little change for (pendulum) days (Malkus et
al. 1961). Because these long lifetimes represent
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tens or hundreds of orbital periods, the flow is
balanced and dominated by two-dimensional
turbulence (Ooyama 1982). Moreover, at winds >
35ms-!, the local Rossby radius of deformation is
reduced from its normal ~103 km to a value
comparable with the eye radius. In very intense
tropical cyclones, the eye radius may approach
the depth of the troposphere (15 km), making the
aspect ratio unity (Shapiro and Willoughby 1982).
Thus, the dynamics near the centre of a tropical
cyclone are so exotic that conditions in the core
differ from the Earth’s day-to-day weather as
much as the atmosphere of another planet
does.

The small spatial scale and long temporal scale,
the dominance of the swirling motion, and the
presence of a well-defined centre are great
conveniences for observation of the core with
radar or from aircraft. The size of the core is
comparable to the range of search radars. In a
single sortie, an aircraft can spend 6-8 h in the
core and traverse it 5-10 times. A series of sorties
at one altitude can monitor temporal changes or
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simultaneous sorties at different altitudes can
make nearly synoptic observations in a coordi-
nate system moving with the vortex centre. The
foregoing advantages compound for an aircraft
equipped with Doppler radar that senses wind as
well as precipitation (Jorgensen et al. 1983; Marks
and Houze 1984). On the other hand, because the
core is smaller than the separation between
rawinsonde stations, too few ascents exist to
define it, even in a composite analysis. Similarly,
a dense cloud rooted in the eyewall updraft
usually obscures the core from satellite obser-
vation. Thus, aircraft and radar are the most
appropriate means for quantitative observation
of the core.

Before the Second World War, tropical cyclone
research depended upon surface observations and
physical reasoning (e.g., Cline 1926; Deppermann
1947). New observational tools: rawinsondes,
radar (Maynard 1945; Wexler 1947), and aircraft
{(Wood and Wexler 1945; Dunn and Miller 1960)
arose near the end of the war. Over the next
decade, the outline of the present understanding
emerged from analysis of operational obser-
vations with the new tools (Riehl 1954). The
unusual abundance of Atlantic hurricanes during
the 1950s led to special research flights in
addition to operational reconnaissance. These
flights have continued and have provided a steady
flow of observational data (Miller 1967; Anthes
1982). In the late 1980s, comprehension of
axisymmetric vortex dynamics and the response
to the oceanic heat source has achieved consider-
able maturity. On the other hand, important
unsolved problems remain in the surface bound-
ary layer and the outflow. Although the response
to lateral atmosphere forcing has been described
through satellite and radiosonde observations
(e.g. Pfeffer 1958; Miller 1958; Gray 1968; Sadler
1976; Merrill 1985), the dynamics of asymmetri-
cally forced intensity change and motion are
poorly understood.

Tropical cyclones’ low central pressure results
from heating of the tropospheric column by latent
heat release (Shaw 1922; Palmen 1948). The
process is similar to the ‘Thermal Theory of
Cyclones,’ thought in the 19th century to explain
all cyclones, tropical and extratropical (Kutzbach
1979). Moist air flows into the circulation at low
levels, ascends in a narrow ring near the centre,
where the moisture condenses (Wood and Wexler
1945; Deppermann 1946), and flows outward
aloft (Durst and Sutcliffe 1938; Sawyer 1947).
The circulation swirling about the vertical axis is
the ‘primary circulation’ of the vortex, and the
circulation in the vertical plane is the ‘secondary
circulation.” The condensationally induced tem-
perature excess often exceeds 10-15°C (Riehl
1948; Hawkins and Rubsam 1968; Hawkins and
Imbembo 1976). It extends through the depth of

the troposphere (Haurwitz 1935), and leads to
reduced surface pressure. The pressure is typically
1-10 per cent less than that outside the circu-
lation, with a record low of 870 hPa in typhoon
Tip of 1979 (Dunnavan and Diercks 1980). The
rate of condensational heat release, based upon a
rainfall rate of 2 mm h-! within 100 km of the
centre (Marks 1985), is about 5 x 10!3 watts—
equivalent to 50 times the worldwide electric
generating capacity, or enough heat to warm the
atmospheric column at 12°C per day. Most of the
realised latent heat sustains the ascending branch
of the secondary circulation against adiabatic
cooling, but actual temperature changes > 10°C
per day must occur in the eyes of rapidly
deepening tropical cyclones with observed press-
ure falls > 2 hPa h-! (Holliday and Thompson
1979).

Figure 1 shows a typical pattern of radar returns
in the core of a tropical cyclone (Maynard 1945;
Wexler 1947). Although radar primarily detects
rain, radar images also provide a means for
visualisation of the flow. Echo-free areas, such as
the eye, generally indicate descent. Convective
updrafts generate the reflective condensate, but
the echoes also contain precipitation induced
downdrafts. The echoes assume two distinct
forms: rings that encircle the centre and open

Fig. 1 Schematic illustration of radar reflectivity in a northern-
hemisphere tropical cyclone with 50-60 m s~! maximum
wind.
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spirals. The rings and spirals consist of
reflectivities > 20 dBZ due to a stratiform rain
falling from the overhanging anvil cloud. Within
these entities lie smaller echoes of between 32 and
45 dBZ, due to active convection (Parrish et al.
1982; Marks 1985). Based upon a typical radar
reflectivity-rainfall relationship (Jorgensen and
Willis 1982), the stratiform rain rate is about 0.5
mm h-! and that in convection is between 3 and
30 mm h-l.

Figure 2 shows observed radial profiles of wind
and isobaric height in hurricane Anitaof 1977 ata
stage of development corresponding to Fig. 1. The
convective rings at the inner and outer eyewall
coincide with local maxima of the horizontal
wind (Willoughby et al. 1982). The lower-
tropospheric wind inside the inner eyewall is calm
at the centre and increases linearly or faster with
radius. The wind outside the outer eyewall
decreases inversely as some power of radius,
generally thought to be about 0.5, (Hughes 1952;
Riehl 1963; Gray and Shea 1973). Idealised
functional forms for the radial profile of the
swirling wind exist, but do not seem to describe
individual cyclones well (Myers 1957; Holland
1980). The convective rings and wind maxima are
observed to move slowly inward in response to
convective heat release (Willoughby ef al. 1982).
Outside the eye, most of the temperature anomaly
is confined to the upper troposphere (Jordan and
Jordan 1954; Jordan 1958). Below 500 hPa, the
primary circulation has little vertical shear, but in

Fig. 2 Observed swirling (chain dashed curve), radial (lighter
dashed curve), and vertical wind (solid curve) and 700 hPa
(70 kPa) isobaric height (heavier dashed curve) in
hurricane Anita on 2 September 1977 (Willoughby et al.
1982). This situation corresponds roughly to that in Fig.
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the upper troposphere, it becomes weaker and less
symmetric, with the radial outflow a large fraction
of the swirling motion. Near the tropopause
beyond 200 km radius, the vortex turns
anticylonic (Jordan 1952; Koteswaram 1967)
because of angular momentum destruction in the
inflow (Riehl 1963).

In Fig. 1, the convective-scale echoes have
horizontal dimensions of a few kilometres; the
spirals and rings are a few tens of kilometres wide
and 100-300 km long; and the axisymmetric
circulation occupies the vortex scale. If the
mesoscale is defined as having a horizontal scale
comparable to the /ocal Rossby radius of defor-
mation, the spirals and rings become mesoscale
features. The convective motions are neither
hydrostatic nor balanced because their horizontal
dimensions are less than either the scale height or
the local Rossby radius; the mesoscale motions
are hydrostatic but not balanced because their
horizontal scales are greater than scale height and
comparable to the Rossby radius; and the vortex-
scale motions are hydrostatic and balanced
because their horizontal scales exceed both quan-
tities. As the cyclone intensifies, the Rossby
radius and horizontal scale decrease. At extreme
intensities, both quantities can become compar-
able to the depth of the troposphere, obscuring the
distinction among convective, mesoscale, and
vortex scale motions.

Asymmetric features

Spiral-shaped patterns of precipitation are the
most prominent asymmetric features in Fig. 1.
Spiral bands are often considered to be internal
gravity waves (e.g. Yamamoto 1963), although
some bands may be Rossby waves that depend
upon the outward decrease in relative vorticity
from the cyclone’s centre (MacDonald 1968). The
earliest radar observations of tropical cyclones
revealed spiral bands (Maynard 1945), but many
aspects of the bands’ formation, internal
dynamics, and relation to the symmetric vortex
remain unresolved. The bands are typically 5 to
50 km thick and spiral inward toward the centre
over a radial interval of 100 to 300 km (Wexler
1947). The precipitation-free lanes between
bands are comparable in width with the bands, or
somewhat wider. The bands and lanes assume a
trailing-spiral shape because the angular velocity
of the vortex increases inward and distorts them
into equiangular spirals (Abdullah 1976; Senn
and Hiser 1959). As the cyclone becomes more
intense, the bands turn inward less steeply and
come to approximate arcs of circles (Malkus et al.
1961; Dvorak 1975). A distinction has to be made
between convective bands that spiral around the
centre, but do not encircle it, and convective rings
that do encircle the centre. Since a band may join
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a ring or appear to wrap around the centre, this
distinction is often difficult (Dvorak 1984),

Although some bands appear to move outward
(Senn and Hiser 1959), others maintain a fixed
location relative to the translating cyclone centre
(Malkus et al. 1961; Ligda 1955b). Moving bands,
or at least the convective ‘hot spots’ where they
Join the eyewall, are frequently associated with
erratic motion of the cyclone centre (Neuman and
Boyd 1962; Jordan 1966; Willoughby and
Chelmow 1982; Willoughby et al. 1984), and may
represent normal modes of the axisymmetric
vortex. Stationary bands seem more likely to arise
through asymmetric forcing than through
hydrodynamic instability. Among possible forc-
ing agents are: asymmetric friction, the gradient
of planetary vorticity, horizontal shear of the
environmental flow, encounters with topography,
and relative motion of the vortex through its
environment (Willoughby er al. 1982).

Convective elements form near the inner,
upwind edges of the bands and move through the
bands before dissipating on the outward,
downwind edges (Ligda 1955a). Thus, the bands
are preferred locations for convection rather than
areas of mesoscale condensation. Most bands give
rise to widespread stratiform precipitation
through horizontal advection of convective
debris; indeed some are largely stratiform (Atlas
et al. 1963; Marks 1985). These scale interactions
cast doubt on the conventional view that spiral
bands are linear gravity waves.

Another difficulty with the gravity-wave model
is the ‘frequency problem’. Propagating internal
gravity waves exist only in a band of frequencies
between the Brunt-Vaisala and local inertia
frequencies (Willoughby 1977). Only two classes
of trailing-spiral, gravity-wave solutions are poss-
ible: waves with tangential wavenumber two or
greater that move more slowly than the swirling
wind and those with any tangential wavenumber
that move faster than the swirling wind. The
slowly moving waves propagate wave energy and
anticyclonic angular momentum inward, grow at
the expense of the mean-flow kinetic energy
(Kurihara 1976), and if excited at the periphery of
the cyclone, can reach appreciable amplitude. Ina
sufficiently intense cyclone, these waves can be
absorbed at critical radii near the eyewall where
their frequency is Doppler shifted to the Brunt-
Vaisala frequency (Willoughby 1978). Some
observational evidence supports inward propa-
gating waves, and their interaction with the
axisymmetric vortex at critical loci seems plaus-
ible (Willoughby et al. 1984), but they may not be
the spiral bands that one sees on radar. Rapidly
moving waves appear on radar, but do not draw
energy from the mean flow; instead, they probably
depend upon release of latent heat. It is also
possible that inertial instability (Xu 1983) plays a

role, although observations indicate that only
limited instability is present in real tropical
cyclones (Black and Anthes 1971).

Motion of the vortex through its surroundings
may cause stationary bands (Willoughby et al.
1984). In the vortex core, air remains in the
circulation for several orbits of the centre; in the
outer envelope, the air passes through the circu-
lation in less than the time required for a single
orbit. The principal band, a frequently observed
stationary spiral, lies along a convergent stream-
line asymptote (Sherman 1956) that marks the
boundary between the core and the envelope. If
the environmental flow generally exhibits west-
erly vertical shear, a cyclone moving with middle-
level steering will move eastward through sur-
rounding air at low levels. Thus, the principal
band is a ‘bow wave’ (Beer and Giannini 1980)
that marks the limit of the environmental air’s
penetration on the eastern side. Since its predomi-
nant azimuthal wavenumber is one, its governing
equation is elliptical or parabolic, making it
resemble a convective ring rather than a gravity
wave (Willoughby et al. 1984). Indeed, obser-
vations in hurricanes Anita of 1977 (Sheets 1982),
and Alicia of 1983 (Willoughby 1985) suggest that
a convective ring can evolve from the principal
band.

The axisymmetric vortex

The gradual evolution and circularity of the
lower-tropospheric vortex indicate, with some
observational support (La Seur and Hawkins
1963, Hawkins and Rubsam 1968; Willoughby
1979), that gradient or thermal-wind balance
exists in tropical cyclones. At least one argument
in favour of large departures from balance (Gray
1962) stemmed from incorrect transformation
into moving coordinates. Although the wind may
be supergradient where the boundary-layer inflow
decelerates under the eyewall, the role of the
imbalance in the secondary circulation has been
exaggerated.

Eliassen (1951) analysed the secondary circu-
lation induced in a balanced vortex by sources of
heat or momentum. By algebraic elimination of
the time derivatives from the thermodynamic and
tangential momentum equations, he obtained a
diagnostic expression for the mass-flow
streamfunction in the radius-height plane. Substi-
tution of the diagnosed circulation into the
original equations recovered the temporal
change. Given gradient balance in tropical cyc-
lones, this analysis provides a context for
interpretation of vortex structure and evolution
(Smith 1981; Shapiro and Willoughby 1982;
Schubert and Hack 1982).

Three parameters determine the character of
the secondary circulation; the square of the
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Brunt-Vaisala frequency, N2 = (g/0)d6/dz; the
square of the inertia frequency, I> = r-30M?*/dr; and
a measure of baroclinicity, B2 = r3¢M?/0z, where
M = vr + fr/2 is the angular momentum, v the
swirling wind, 0 the potential temperature, { the
coriolis parameter, g the gravitational acceler-
ation, r radius, and z height. Figure 3 shows how
changes in N2, I3, and B? affect the
streamfunction. Heating induces an updraft at the
source and compensating descent on either side.
A cyclonic momentum input induces radial
outflow at the source with compensating inflow
above and below it. The local Rossby radius is
proportional to (N/I). N2 represents the resistance
that buoyancy forces offer to vertical motions,
and 12 represents the resistance that inertia forces
offer to horizontal motions. When N2 > 12 in a
barotropic vortex (B2 = 0), the streamfunction
forms radially elongated gyres; when 12 > N2, it
forms vertically elongated gyres. In a baroclinic
vortex, the updraft at a heat source tilts away from
the vertical to follow surfaces of constant angular
momentum, and the outflow at a momentum
source tilts away from the horizontal to follow
surfaces of constant potential temperature.

Fig. 3 Streamfunction in the radius height plane induced by: (a)a
heat source in a barotropic vortex with N2> 12, (b) a heat
source in a barotropic vortex with N2 <12, (c) a heat source
in a baroclinic vortex, (d) a momentum source in a
barotropic vortex with N2> lz, (e) a momentum source in a
barotropic vortex with N2 < 12, (f) a momentum source in a
baroclinic vortex (Eliassen 1951).
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Figure 4 illustrates the observed secondary
circulation corresponding to Fig. 1 (Willoughby et
al. 1982; Jorgensen 1984a, b; Marks and Houze
1987). It arises from the following forcing: an
intense frictional angular-momentum sink at the
surface, a strong, concentrated condensational
heat source at the inner eyewall, a weaker heat

source at the outer eyewall, an extended weak heat
sink due to precipitation melting along the

Fig. 4 Schematic illustration of the secondary circulation and
precipitation distribution for the situation shown in Fig.
1.
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brightband, and an extended weak heat source
due. to condensation in the anvil above the
brightband. Since the equation for the secondary
circulation is linear, the secondary circulation is a
superposition of responses to the individual
forcings.

Surface inflow replaces only the angular
momentum lost through friction. The inward
mass flux depends primarily on the surface stress
and is insensitive to the vertical structure of the
turbulence (Leslie and Smith 1970). Latent heat
transfer to the inflowing air from the warm ocean
supplies energy to the updrafts in the eyewalls. In
the absence of condensational heating, the air
converged in the surface layer would ascend and
turn outward at the top of the friction layer
instead of rising to the tropopause (Willoughby
1979). It is the combination of frictional surface
convergence and heat transfer to the air that
sustains the deep secondary circulation. Beyond
these simple bulk dynamics, the boundary layer is
not well understood.

Figures 1 and 4 show two convective rings: the
inner and outer eyewalls. The heat source at each
eyewall induces a thermally direct streamfunction
gyre outside the eyewall and a thermally indirect
gyre inside the eyewall. The direct gyre has inflow
in the lower troposphere, ascent at the eyewall,
and outflow near the tropopause. The indirect
gyre has low-level outflow joining the eyewall
updraft, inflow diverging from the eyewall
updraft into the eye near the tropopause, and
forced descent at the centre of the eye. The direct
gyre produces energy and the indirect gyre
consumes it. In the direct gyre, where v decreases
with radius, I? is much smaller than in the indirect
gyre where v increases with radius. Since N? is
nearly constant, variation in I? controls the shape
of the gyres. Outside the eye, the secondary
circulation is strong, predominantly horizontal,
and extends to large radius; inside the eye, it is
weaker, more vertical, and confined horizontally
by both large I2 and the centre boundary. The






