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ABSTRACT

Numerical modelling of tropical cyclones has come a
long way from the early attempts by Kasahara (1961),
Syono (1962), and Ogura (1964). Although these axi-
symmetric (two-dimensional) models did not adequately
portray the growth of the tropical cyclone, they did
provide investigators with encouragement and insight
to develop more realistic models. Today fully three-
dimensional models on fine meshes that move along
with the storm are being used in research and oper-
ationally to improve our understanding and prediction
of tropical cyclones. This paper summarises research
and operational hurricane models and physical pro-
cesses that must be understood to improve these
models.

REVIEW OF RESEARCH HURRICANE MODELS

The first simulations that produced tropical cyclones with realistic struct-
ures were reported by Ooyama (1969) and Yamasaki (1968a, b). Since then,
many investigators have used two and three-dimensional models (Table 1) to
study tropical cyclones. A summary of conclusions from these models is
given in Table 2.

PHYSICAL PROCESSES IN HURRICANES

The mature hurricane may be thought of as a thermally direct vertical
(transverse) circulation superimposed on a horizontal quasi-symmetric vortex.
The overall circulation is energetically direct because the rising branch

of the circulation near the centre is warmer than the sinking branch, which
occurs at large distances (radii greater than 500 km). The available poten-
tial energy, which is related to the overall baroclinity of the system, is
maintained by condensation heating in the interior and, to a lesser extent,
radiative cooling at large radii (Anthes 1974b).

Boundary layer processes

The hurricane boundary layer (BL), defined as the layer next to the surface
that is dominated by small-scale turbulence, plays an important role in
hurricane dynamics and energetics, Surface friction prevents a gradient
balance between the winds and the horizontal pressure gradient force, and
causes a systematic deflection of the flow across the isobars (at a typical
angle of 200) towards low pressure. This cross-isobar flow converts avail-
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able potential to kinetic energy, provides for a spin-upof the tangential
circulation through the quasi-conservation of angular momentum, and
supplies the inner region of the storm with water vapour that is conden-
sed in deep cumulus convection.

A conceptual model of the hurricane BL is depicted in Fig. 1. The
depth h, which is about 500 m, separates air of high potential temperature
6 and low water vapour content (hence low equivalent potential temperature,
6e from air in the BL with lower 6 but high water vapour content (hence
high 6 ). Small-scale turbulent eddies, generated mainly by mechanical
mixing because of the strong horizontal winds, occupy the BL. At h, these
eddies entrain air of high 6 and low 8 from the free atmosphere into the
BL. These eddies therefore increase tRe BL 6 but they decrease 8 Dbecause
they entrain dry air. ©

Over a relatively small fraction of the total area, cumulonimbus
clouds break through h and suck moist air out of the BL. The upward verti-
cal velocity at cloud base is four to five times greater than the mean up-
ward motion required by the mean horizontal convergence in the BL. Between
the clouds, weak subsidence suppresses h against the effects of turbulent
entrainment.

At the ocean's surface, strong evaporation supplies a significant
fraction of the water vapour available for condensation, even within a
hundred kilometres or so of the centre. Estimates of evaporation within
200 km of the cyclone centre range from about 5 to 25 cm/d. In this region,
the ratio of evaporation to horizontal transport is typically 20 per cent.

The boundary layer is usually calculated to provide sensible as well as
latent heat to the hurricane. Estimates of the sensible heating rates with-
in about 200 km from the storm centre vary from about 50 to 200 W m 2, which
is about 10 per cent of the latent energy input through evaporation.

Cumulus convection and the release of latent heat

Because the hurricane is driven by differential heating, it is important to
consider the horizontal and vertical distribution of diabatic effects in the

hurricane. An approximate form of the thermodynamic equation is (Anthes
1977):
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where T is temperature, Y is the horizontal velocity, w is vertical
velocity, Yy is the actual lapse rate (Y = -%{g, Yq is the dry adiabatic
lapse rate (Yd = —g/cp), Q is the diabatic heating rate per unit mass, and
w 1is QR. The () operator refers to an average over an area (As)? and the
primes refer to the effects of motions with horizontal scales much less

than As.

There are only three diabatic heating processes that are important
in hurricanes:
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(1) Heating produced by changes of phase of water, e.g.
condensation, evaporation, melting, freezing,
sublimation, deposition. Of these, condensation is
by far the most important effect.

(2) Sensible heat transfer at the ocean's surface.
Heat is added if the ocean is warmer than the air
and subtracted if it is cooler.

(3) Radiation, both absorption of shortwave and emission/
absorption of longwave radiation.
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Fig. 1 Schematic diagram of hurricane boundary layer. Dashed line is top of boundary layer. Straight arrows denote mean
velocities; circular arrows denote turbulent eddies. Air rises from the boundary layer into the free atmosphere
through cumulus cloud bases. The clouds entrain additional air from above the boundary layer. Subsidence occurs
between clouds. Turbulent eddies entrain warm dry air into the boundary layer, where it is moistened by evaporation
from the seas.

Both diabatic and adiabatic processes may be important in producing temper-
ature changes at a point. The primary mechanism for producing local temper-
ature increases in the eye, for example,is subsidence, an . adiabatic effect.
If (v - v,) is -5 K/km and w 15 -2 cm/s, the local rate of temperature
produced gy subsidence is 8.64 C/d an 1mportant effect. The most impor-
tant diabatic process in the hurricane is release of latent heat of conden-
sation, which may produce a diabatic heating rate of over 1000 C/d in a
moderate thunderstorm updraft. Naturally such a temperature increase is
never observed; the diabatic heating term is almost exactly compensated for
by the adiabatic cooling term in Eqn 1, so that actual temperature changes
at a point are small. Thus, observed temperature changes which are crucial to
the development and decay of tropical cyclones, are often produced by small
differences between very large terms; and it is impossible to predict temp-
erature changes from one process alone.
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Although there is now almost universal agreement that condensation of
water vapour is the primary energy source for hurricanes, and that most of
this condensation occurs in cumulus convection, there are still uncert-
ainties about the details of how latent heating produces tropical cyclo-
genesis. Large diabatic heating rates due to condensation do not necessar-
ily produce temperature increases locally. 1In fact, many tropical and
extratropical systems produce copious rains while remaining cooler than
their surroundings.

As shown by Eqn 1, the local rate of change of temperature is deter-
mined primarily by horizontal advection, vertical motion, and diabatic
heating. Horizontal advection cannot produce the relative maximum in
temperature associated with hurricanes, so the warm core must be produced
by either warming associated with subsidence or an excess of latent heat-
ing over adiabatic cooling.

Because latent heating at a point does not necessarily produce a
temperature increase at the same point, there has been some controversy
regarding the physical processes that are responsible for the tropospheric
warming necessary to produce a hurricane from a weak disturbance. Some
have viewed horizontal mixing of warm cloud air with a cooler environment
as the mechanism by which the environmental temperature is increased
(Kuo 1965). Others have emphasised compensating subsidence as the
primary process increasing the temperature. A third mechanism that has
not been explicitly identified is the replacement of an unsaturated
column of air with a cloud with a higher mean temperature. For large
areas this effect would be represented by an increase in the percentage
of the area covered by warm clouds.

In order to distinguish among these three distinct mechanisms that
can produce temperature changes over an area occupied by cumulus clouds,
it would be necessary to observe or model the details of the motions in
and around individual clouds. This would involve spatial resolutions of
the order of a hundred metres or less over a volume of the order of 100 km
X 100 km x 10 km. Temporal resolution would have to be of the order of a
minute or less to adequately resolve the evolution of individual convective
elements and the corresponding response of the environment.

If the details of the cumulus-environmental interactions are of
primary interest, the above fine resolution is necessary. However, it is
often useful to consider the time-averaged effect of many cumulus clouds
on the average temperature and moisture structure over an area Asz, which
is much greater than the area of an individual cumulus cloud. If we
neglect radiation and sensible heating (as well as freezing and melting),
Q becomes LC where L is the latent heat of condensation and C is the net
condensation or evaporation of water associated with a cloud. The last
term in Eqn 1 now represents the vertical flux of heat when the cloud
temperature is different from the environment temperature. For warm
updrafts this term represents an upward flux of heat, and, in general, a
warming of the upper troposphere and a cooling of the lower troposphere.

Equation 1 is an appropriate equation to use in a numerical model
with horizontal resolution (As)? much greater than the area of individual
clouds (e.g. 60 km X 60 km or larger). We note several important points
concerning Eqn 1:
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(1} It does not say anything about the temperature change
at a point, it only predicts the mean temperature change
over the area (As)?. It cannot distinguish among the
infinite number of temperature distributions within the
volume that produce the same mean. If such variations
are important, or of interest in themselves, the
horizontal resolution must be increased.

(2) The major diabatic heating term is %— €. It is determined

solely by the condensation or evaporation distribution in
the cloud. There is no need to distinguish between compen-
sating subsidence and mixing of cloud and environmental air
in producing mean temperature changes. These processes may
alter the fine-scale structure within the area, but they do
not affect the mean temperature change. Thus all we require
in order to know the mean large-scale diabatic heating
distribution is to know the percentage of area covered by
each type of cloud and the distribution of net condensation
(or evaporation) in each cloud (averaged over the cloud
lifetime).

STTT
(3) The term ang is usually small (10 per cent or less)

compared to the %— C term. This term shifts the net

P
heating maximum upward to slightly higher levels than the
level of maximum cloud-scale condensation rate,

(4) The average temperature change in Eqn 1 can be either
positive or negative, even in regions where cloud-scale
diabatic heating is large. If the mean vertical motion is
large and the static stability high, the adiabatic cooling
term may predominate and the temperature may decrease,

(5) The most important terms in determining whether the mean
temperature of an area occupied by convection will increase
or decrease are the vertical distribution of cloud-scale
heating, the mean vertical motion, and the static stability
(lapse rate).

The effects of cumulus clouds on the specific humidity q can be
derived in a similar way (Anthes 1977):

M, Fg s 5@ . g g
e P YVarwg = - 0o -2

The first term represents a loss (gain) due to condensation (evaporation).
Its vertical distribution is again determined only by the distribution o
condensation within the clouds. The second term represents the eddy flux
of water vapour. Since cloud up draughts are more moist than envirommental
down draughts, this term represents an upward flux of water vapour, a
moistening of the upper levels, and a drying of the low levels,
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In summary, the effect of cumulus clouds is to transport energy
out of the boundary layer into the middle and upper troposphere. In
a steady state system, the boundary layer is replenished by energy fluxes
from the ocean and large-scale convergence while the middle and upper
tropospheric budget is balanced by large-scale vertical and horizontal
divergence of energy and radiation.

Radiation

Compared to the diabatic heating rates associated with the condensation

in cumulus convection, the diabatic heating rates associated with absorp-
tion of shortwave radiation energy and emission of longwave radiation are
quite small, In the clear tropical environment the mean daily diabatic
cooling rate is 1 to Zocﬁd from the surface to 10 km (~250 mb) and de-
creases to about zero at the tropopause. In a region of multilevel clouds,
however, there is practically no radiative cooling in the clouds; there is
strong cooling at the top of the overcast.

The result of the differential radiative heating between the clear
environment and a cloudy tropical depression or hurricane is to generate
a direct circulation, with sinking motion in the clear air and rising
motion in the cloudy area (Fig. 2). In the hurricane, radiation acts
to create and maintain the baroclinicity associated with the warm core.
However, it is a smaller effect than differential heating by condensat-
ion except possibly in lightly precipitating systems. This may be seen
by relating the mean diabatic rate of temperature change in a column
extending from 1000 mb to 100 mb to the rainfall rate R (cm/d) averaged
over the surface of the column,

9T _ 0

¢ = 2.67 R [(°crd] .3
For typical cloud cluster rainfall rates of 2.5 cm/d (Ruprecht and Gray
1976), the average tropospheric rate of temperature change would be
6.7°C/d, which is about five times greater than the effect of radiation.

For hurricanes, a typical rainfall rate in the inner 222 km region is

9.5 cm/d (Frank 1977), which yields a QI of 250C/d, more than an order
ot
of magnitude larger than the radiative cooling. Thus, without latent
heating, only a slow meridional circulation could be maintained by
radiation because the lifting of statically stable air creates cooling
and pressure gradients that oppose the effect of radiative cooling.
With latent heating, however, the mean adiabatic cooling in the distur-
bance can be balanced by diabatic heating, and much larger upward
velocities can be maintained.

When direct absorption of shortwave solar radiation is considered,
a diurnal variation to the horizontal differential cooling is introduced.
The differential cooling during the day is reduced from a nocturnal
value of 2°C/d to a value of about 1°C/d in the middle troposphere, For

de
dt

w of about 12.5 mb/d, which is supported by a mean divergence of

—g-equal to BOC/IOO mb, a of 1°C/d corresponds to a vertical velocity

3
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Fig. 2 Schematic diagram of radiationally induced circulation in a tropical disturbance. In clear air sufrounding
cloudy centre, diabatic cooling is about 2°C/day. In the interior, radiational cooling is nearly zero. The
differential cooling induces sinking motion in the clear environment where pressures rise at the surface and
fall aloft. Flow in low levels is toward centre of disturbance, aloft it is outward.

2.9 x 1077s™! between the surface and 500 mb. This is much smaller than
the observed diurnal variation in low-level divergence, which is about

5 x 107%s™! (Gray and Jacobson 1977). What probably happens is that the
small diurnal variation in radiation-induced divergence triggers a much
larger response by modulating deep cumulus convection. During the night,
when differential cooling is at a maximum, upper-level divergence over the
disturbance and low-level convergence into the disturbance results in a
dramatic increase in convection. After sunrise, absorption of solar
radiation in the environment and increased subsidence resulting from the
enhanced transverse flow of the previous night reduces the mean tempera-
ture difference between the environment and the disturbance. The mean
vertical circulation then diminishes and the deep cumulonimbus clouds
weaken.

MODELS USING REAL DATA

One of the most important reasons for developing three-dimensional models
is their potential use for operational prediction of real storms. Elsberry
(1979) summarises recent developmental work by the US Navy and the US
National Meteorological Center. Here we mention problems associated with
initialising hurricane models with real data and summarise some forecasts
of real storms using multilevel models (Table 3).

Several major problem areas stand out when the transition from
research models of idealised storms to operational models of real storms
is considered.

Knowledge of the density and accuracy of observations
required to initialise hurricane models is incomplete.




220 AUSTRALIAN METEOROLOGICAL MAGAZINE 27:4 DECEMBER 1979

* Measurement of the relevant variables on the small
scales likely to be necessary for a successful
initialisation, especially in the overcast regions
near the high-energy portion of the storm, represents
a formidable technologital” task.

* Timely analysis of the diverse data from aircraft,
satellites, and conventional data sources in a consis-
tent fashion is a difficult theoretical as well as
technological problem.

* Even with good three-dimensional analyses of the
relevant variables, it has not yet been demonstrated
that hurricane models are capable of predicting
intensity changes on the correct time-scale in real
storms.

Theoretical and numerical studies have given some insight into the most
important variables to be determined in a hurricane model's initial
conditions. For small-scale disturbances in low latitudes, geostrophic
adjustment theory predicts that if the mass field (temperature and
surface pressure) and the wind field are out of balance, the mass field
will adjust to the wind field through inertia gravity waves. For the
hurricane, this adjustment is very rapid (a few hours) as discussed by
Anthes (1974a). Thus, an accurate wind analysis is of prime importance
in initialising hurricane models. However, it is difficult to obtain
temperature analyses that are sufficiently accurate from winds alone,
because important errors in temperature and static stability may be
produced from vertical inconsistencies in the wind analysis (Anthes

and Keyser 1979). Thus it is also probably preferable to incorporate
observed temperatures into the analysis such as is done in variational
techniques (e.g. Sasaki 1970).

SUMMARY AND A BRIEF LOOK TOWARDS THE FUTURE

In this review we have considered the important physical processes that
drive tropical cyclones. Incorporation of these processes into numerical
models offers the possibility of making quantitative estimates of the
importance of physical processes such as latent heating, boundary layer
friction, and radiation. Modelling results to 1978 were reviewed, with
emphasis upon the insight they have provided into the dynamics and
energetics of tropical cyclones. Important applications of the complex
three-dimensional models include predictions of real storms as well as
research. Some of the problems with initialising models were discussed.

In the 1980s there will probably be a great improvement in our
understanding of hurricane genesis, which, as indicated in this paper, is
not well understood. Improved understanding will require continued
diligent observational, theoretical, and numerical studies.

In operational hurricane predictions, there will probably be a modest
but significant advance in the accuracy of long-range (beyond one day)
predictions. As methods of utilising satellite data in analysis schemes
and better initialisation techniques are developed, improvements in the
definition of a consistent initial description of tropical cyclones should
occur, Increased computer power will enable the development of higher
resolution models and an improved understanding of hurricane physics
should lead to better parameterisation of model physics.
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Table 1 Summary of research numerical models of the tropical cyclone
Investigator Remarks
A TWO-DIMENSIONAL (AXISYMMETRIC) MODELS
Kuo (1965) Steady solutions were obtained in balanced exper-

Yamasaki (1968a)
(1968b)

Ooyama (1969)

Rosenthal (1970a, b,
1971a,b)

Sundqvist (1970a,b)

Anthes (1971a)

Anthes (1971b,c)

Rosenthal and Moss
(1971a,b)

Sundqvist (1972)

Anthes (1972a)

Kurihara (1975)

iments without a separate boundary layer; unboun-
ded growth occurred in experiments that included
an explicit boundary layer.

Multilevel (4 and 13) model experiments investi-
gated the importance of surface humidity,
vertical partitioning of latent heat, and
initial static stability.

Evolution and structure of 3-level balanced model
hurricane compared favourably with storms in
nature. :

Seven-level model utilised to study radial reso-
lution. An eXxplicit water vapour cycle was added
and nonconvective latent heat release modelled.
The effect of initial humidity was studied.
Artificial enhancement of heating was investi-
gated,

The vertical partitioning of latent heat release,
radiational cooling, and artificial enhancenent
of heating were investigated in a 10-level model.

The effect of artificial redistribution of
latent heating on storm intensity was investi-
gated.

Steady state circulation obtained as function of
specified heating functions. Energetics of
hurricane emphasised from available potential
energy viewpoint.

Response of hurricane to artificial heating
enhancement and to large changes in model data
fields studied. Tangential wind field most
important in initialising storms.

Storm response to enhanced heating and to vary-
ing sea temperature studied.

Hurricane developed from random velocity
perturbations. Factors that inhibit model
hurricane development investigated.

Budgets of energy, momentum, vorticity, moisture
studied.
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Table 1 (contd)

Investigator

Remarks

Yamasaki (1977)

Rosenthal (1978)

Anthes and Chang
(1978)

Chang and Anthes
(1979)

Condensation, evaporation modelled explicitly.
Small, intense storm obtained.

Condensation, evaporation modelled explicitly,
propagating squall type disturbances develop
early, hurricane develops later,.

Boundary layer processes “in hurricanes emphasised -
with high resolution boundary layer model. Down-
ward flux of heat by turbulence maintained high
PBL temperature.

Mutual interaction of ocean and hurricane studied
with simultaneous integration of ocean hurricane
models.

B THREE-DIMENSIONAL (ASYMMETRIC) MODELS

Anthes et al. (1971a,b)

Anthes (1972b)

Kurihara and Tuleya
(1974}, Tuleya and
Kurihara (1975)

Kurihara (1976)

Diercks and Anthes
(1976)

Madala and Piacsek
(1975)

Anthes and Hoke
(1975)

Asymmetric model results were compared with axi-
symmetric results. Spiral bands and an asym-
metric outflow layer were present.

Prognostic water vapour cycle included. Develop-
ment of asymmetries in outflow layer a result of
dynamic instability.

Spiral bands analysed as internal gravity waves;
horizontal asymmetries developed by both baro-
tropic and baroclinic processes. Budgets of
temperature, moisture, angular momentum, veloc-
ity, kinetic energy presented.

Analysed development of spiral bands.

Analysed structure of spiral bands.

Movable nested grid. B-egfect caused average
velocity towards WNW (3087) at 1.5 m/s. With
initial vertical wind shear greater than

2 m/s/km, storm did not develop.

B-effect on Mercator projection caused storm
to drift towards NW at about 1 m/s.




ANTHES: TROPICAL CYCLONE CONFERENCE, PERTH, NOVEMBER 1979 223

Table 2 Summary of conclusions from hurricane models

A AXISYMMETRIC MODELS

10.

Realistic results from axisymmetric models show that the essential as-
pects of hurricane formation and maintenance can be modelled by
azimuthally invariant processes.

Model hurricane formation and maintenance. are very dep.adent on evapo-
ration from the sea; they are much less dependent upon sensible heat
addition at the sea surface.

Because of the extreme importance of having a high water vapour content
in the boundary layer, hurricane development is highly dependent on warm
sea-surface temperatures. Mature hurricanes are also sensitive to varia-
tions in sea temperature, but their inertia may allow them to persist for
short periods of time over colder water.

The development rate (but not the final structure) of model hurricanes is
quite sensitive to the size and intensity of the initial vortex, the
initial static stability, and the moisture content in low and middle
levels. For hurricanes to develop in a reasonable time (1 to 5 days), the
initial temperature and moisture structure must be more favourable than
the mean tropical structure, hence hurricane development is relatively
infrequent.

The rate of development of model hurricanes is proportional to the drag
coefficient, CD’ but the intensity of mature storms is inversely propor-
tional to CD.

Hurricane size (diameter) is a function of the Coriolis parameter, with
larger storms occurring at higher latitudes.

Differential cooling by radiation accelerates the development of model
cyclones but has little effect on the mature stage.

The development rate and structure of the mature model storms are quite
sensitive to the vertical distribution of condensation heating, a result
predicted by linear theory and verified with many different models.

The spin-up of the hurricane in low levels occurs primarily as a result
of the divergence term in the vorticity equation. Horizontal and
vertical advection of vorticity are important in middle and upper levels.
The twisting term is important in establishing regions of negative
absolute vorticity in upper levels.

Convergence of water vapour is caused partly by friction in the early
stages, but more importantly by pressure-wind imbalances caused by
differential heating (isallobaric effects). This inflow occurs through
a layer much deeper than the boundary layer.







