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Rotating annulus experiment: Large-scale helical soliton in the atmosphere?
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A typhoon is a cyclone vortex with a warm low pressure center, formed over tropical oceanic waters. A
large-scale rotating annulus experiment of fluid dynamics is carried out, under the conditions of dynamic
similarity, geometric similarity, and the similarity of boundary conditions. In the first step, with the help of
infrared heaters, the basic flow field and helical structure of a single typhoon were successfully simulated; then
two model typhoons were generated, and their interactions tested. It demonstrated that they did separate after
colliding with each other, and their respective basic shapes were restored, which confirms the basic dynamic
features of typhoons in nature as solitons. It was also shown that the formation of their helical structures is
related to the adapting process of atmosphere to the rotation of the earth and that their dynamic characteristics
as solitons come from a result of an equilibrium between their dispersion and the nonlinear convergence of the
anticyclones, with whose combined actions their structure remains stable for a long period, which in turn
means that they are indeed three-dimensional helical solitons.
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I. INTRODUCTION

Formed over tropical oceans, a typhoon is a thr
dimensional cyclone vortex having a warm low pressure c
ter. Meteorologists have observed and studied typhoons f
long time @1–3#, with their research focuses on the mech
nism of their development and predictions of their moti
@4–6#. Along with numerical calculations, the rotating ann
lus experiment remains to be an important method for stu
ing the dynamic characteristics of a large-scale rotating fl
@7–10#. A typhoon acquires a helical structure under the
tion of Coriolis force due to the rotation of the earth. Fro
the view point of nonlinear dynamics, a typhoon is main
affected by the following three factors: advection, dissip
tion, and dispersion. Advection, as a nonlinear action, le
to a very steep convex wave shape. Dispersion tends to
pand the wave shape wider and the dissipation will attenu
the wave amplitude. These conflicting factors, when
proaching to an equilibrium state, drive a typhoon forwa
with stable helical structure and a constant speed for a l
time. These characteristics are similar to those of a soliton
addition, barotropic vortex equations for rotating atmosph
and the wave equations at a low latitude can both be redu
to the KdV equations in the first-order approximatio
@11,12#. Makino, Kamimura, and Taniuli@13# have con-
ducted numerical experiments for two colliding vortexes
cording to the above mentioned dynamic features of a s
ton. The two vortexes, after colliding with each other, ha
separated and restored their respective wave shapes and
eling speeds, which proves this kind of vortexes behave
two-dimensional solitons in nature. All these lead us to
lieve that a typhoon may be a helical soliton created by
ture. In order to confirm this idea, we have conducted a
ries of large-scale fluid dynamic rotating annul
experiments, which have fairly well modeled the mac
scopic dynamic features of typhoon in nature such as
large-scale helical structure and basic flow field. In the
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dynamic experiments, it is found that two different mod
typhoons, after colliding with each other, will separate a
restore their respective basic structures. Our experimenta
sults demonstrated that a typhoon possesses the main
namic characteristics of a soliton with a rather stable hel
structure. Therefore, it may be said that a typhoon is a lar
scale helical soliton. This finding also suggested that
nonlinear theory of the solitary wave provides a new a
proach to the study of typhoons and is helpful in understa
ing the formation mechanism and dynamic characteristics
typhoons.

II. THE MATHEMATICAL AND PHYSICAL
BACKGROUND OF THE MODEL

A. The basic structure of the model typhoon

A typhoon is a three-dimensional low pressure cyclo
vortex with a ratio of vertical and azimuthal scales of abo
1:50. It has nearly axially symmetric distributions of air pre
sure, temperature, and wind field. Its vortex radius typica
ranges from 500 to 1000 km. It is convenient to describ
typhoon according to its three zones. The outer zone con
of helical cloud bands. The middle zone is a ring with t
maximum wind speed strong convection, and rainfall. T
central zone is the so-called eye of the typhoon formed
ring shaped cloud walls, measuring about 10 to 70
across, where winds are weak. It is very dry, warm, a
nearly free of clouds in the eye. The typhoon rotates aro
a vertical axis with a great speed, developing into a stro
vertical air flow towards the middle layer with the air ente
ing from the lower layer, where the tangential wind comp
nent is dominant and radial component is small. The air
the top layer then flows out and mixes with surrounding a
sinking down to form a radial-vertical circulating ring. Th
vertical height of a typhoon ranges from 10 to 20 km. At
height of 100 to 150 km from the eye is the anticyclo
circulating air flow, which sucks out the air, resulting in
©2001 The American Physical Society21-1
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TABLE I. Seven nondimensional parameters as independent similarity criteria for experiment mo
and comparison of their experimental value and actual observational value.

Parameter Formula Range of experimental value
Range of actual

observational value

Rossby number Ro5U/LF Roe50.32– 0.43 Ron50.6– 1.6
Ekman number Ek5n/ f L2 Eke52.531024– 0.7931024 Ekn50.431024– 1.731023

Prandtl number Pr5v/k Pre'1 Prn'1
Froude number Fr5U2/gL Fre50.2531024– 3.031024 Frn50.931024– 3.231024

Time parameter H05tU/L H0e5(1.35– 1.5)310 H0n5(1.04– 1.56)310
Storm development law D5Q̇L/CpTU De5(1.3– 2.0)31021 Dn5(0.9– 1.2)31021

Geometric parameter G5H/L Ge50.025– 0.030 Gn'0.02– 0.03
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very low pressure at the center of the typhoon. The mo
typhoon in the rotating annulus experiment at laborat
should have all those basic flow structures as the actua
phoon in nature.

B. Experimental model

According to a theory called conditional instability of th
second kind, release of latent heat from moisture conde
tion, serving as a positive feedback in heating the atm
sphere, plays a key role in the formation of typhoons@14,15#.
Anthes @2# and Yamasaki@16# proposed a mathematica
model to describe this process, whose original equation
cylindrical coordinates are essentially Navier-Stokes eq
tions with Coriolis force included, that are
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wheren r andnl represent the radial and tangential comp
nents of the velocity, respectively, andt is the vortex stress
The following equations should be added for numerical c
culations.
Equation of statics,
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expression for potential temperature,

u5TS P0

P D R/Cp

, ~8!

whereu is the potential temperature,r the density,KH and
KZ are horizontal and vertical eddy viscosity coefficien
respectively,p is the air pressure,E is the vapor,S is the
liquid water in the air, andQ̇ is the nonadiabatic heating rate

The solutions of these equations, after scale analyses
simplifications, lead to a set of nondimensional paramet
as shown in Table I of the following section which ma
serve as the basis for the design of experiment modeling
related interpretations.

C. Similarity criteria for experiment modeling

The large-scale fluid dynamic rotating annulus is design
based on the mode of the geostrophic motion. In order
simulate the large-scale helical motion in the nature g
erned by relevant Eqs.~1!–~8!, the experimental conditions
should be such that the dynamic similarity, the geome
similarity, and the similarity in boundary conditions a
maintained. From this seven independent similarity crite
can be derived@17,18# as shown in Table I, where subscrip
1-2
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ROTATING ANNULUS EXPERIMENT: LARGE-SCALE . . . PHYSICAL REVIEW E 64 056621
e represents values used in the experimental setup and
script n indicates the actual observational values. As the
tual observational values forU, L, andQ̇ are only the aver-
aged estimations, there are some differences between
related nondimensional quantities and the experimental o
But their actual effects are limited, for a model typhoon t
basic requirements of Rossby number Ro,,1 and Ekman
number Ek!1 are satisfied automatically.

From Table I, it can be seen that the dynamic and th
modynamic constraints are satisfied in our experime
which means that the experiment conforms rigorously w
the theory of similarity, therefore, it will simulate not onl
the general features of a typhoon, but also its import
structures, such as the temperature field, flow field, and
eye region. The results of the experiment indeed agree
the actual observation data and basic facts in meteorolog
the simulation of the dynamic process for the interaction
two typhoons is based on a solid foundation of mathema
and physics.

In our experiment the air is used as the working media
the value for the gas lawAs5pRT is equal to 1; andH the
height,L the horizontal scale,U the horizontal speed,T the
temperature,R the gas constant,Cp the specific heat capacit

at constant pressure,Q̇ the nonadiabatic heating rate,p the
air pressure,r the air density,n the eddy viscosity coeffi-
cient, t the time, f the Coriolis parameter, andk the heat
transfer coefficient.

Note that theH0, D and G are also important similarity
indices. We summarize their dynamic meanings as follow

~1! The dynamic meaning ofH, harmony-time paramete
is that the dynamic process of a natural typhoon should
similar to one of the model typhoons. In other words, theH0e

and H0n are of the same order of magnitude. For a natu
typhoon the time required from initial disturbance to its m
ture state is about 3 days, i.e.,tn53d and Un530– 40 ms,
Ln5500– 1000 km. Using the formulaH05tnUn/Ln , we
have H0n510(1.56– 1.04), for the model typhoon.Ue

53 – 4 m/s, Ln5(30– 40) m, t r54 – 5 rotation period
~namely, 4–5 disk days!, and the rotation period is in th
range of 30–45 s. Then we haveH0e510(1.35– 1.5).

~2! Storm development lawD indicates the degree of de

velopment of typhoon or tropical cyclone.Q̇n is the condens-
ing heating rate that comes from the strong mesoscale cu
lus tower surrounded the typhoon’s eye. We assume

vapor convergence is about 40 g/cmd, therefore,Q̇n52.0
310 J/g s. For the model typhoon, the infrared light bu
used in the experiment is 12 W in electric power, of whi
1–1.2 W can be converted to infrared radiation energy, o
0.2–0.3 W of which is absorbed by cigarette smoke. The

fore, we can calculate the value ofQ̇e , that is 2.7 J/g s.
When the values ofUe , Le , andUn , Ln are the same as in
Eq. ~1!, we haveDe5(1.3– 2.0)31021 andDn5(0.9– 1.2)
31021, respectively.

~3! Geometric parameterG is determined by the actua
size of natural typhoons, from which we determine the s
of rotating annulus andG of the model typhoon.
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III. EXPERIMENTAL SETUP

Our experimental setup is schematically shown in Fig.
where the gas vessel~4! is filled with air, used as the work
ing media, two infrared heaters~1! heat the smoke enterin
the vessel through two small holes, and the overhead h
speed camera~3! takes pictures of the experimental resul
In order to observe more clearly the helical structures and
flow field of typhoons, some smoke~from burning cigarettes!
is fed into the vessel by medical syringe needles through
special injecting holes at the side of the heating holes, wh
serves both as tracer gas for observing the atmospheric
tion and the heat source for heating the surrounding air.
gas vessel is made of transparent plexiglass, in the shape
cylinder, 130 cm in diameter, 4 cm in height. The platfor
~8!, 350 cm in diameter, can rotate horizontally and is fix
with the gas vessel~4! with the same axis and with the rota
tion period of 20 through 180 s~continuously adjustable!.
The rotation period is an important control parameter in o
experiments and takes values from 30 to 45 s, correspon
to rotating speeds of 0.21–0.14 rad/s. Within the abo
range, theL value of the model typhoon is 30–40 cm, an
theH value is 3–3.6 cm. These values are chosen to ma
full use of the space of the vessel in our experiments. T
rotation period takes a value of 45 s in the experiment, t
is, 0.14 rad/s and corresponds 24 h in the actual atmosph
process. Such a setup may provide enough space for
whole process of the interaction between two typhoons.

FIG. 1. Diagram of experimental setup.~1! Infrared heaters;~2!
heating holes for infrared light;~3! high-speed camera;~4! gas ves-
sel; ~5! vertical sheet light source;~6! horizontal sheet light source
~7! axis to rotate horizontally;~8! horizontally rotating platform;~9!
rotation controller; and~10! foundation.
1-3
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ZHAO SONGNIAN et al. PHYSICAL REVIEW E 64 056621
A. Infrared heaters

The infrared light bulbs required were chosen to be 12
in power, according to the value ofQ̇ ~see Sec. II C! and the
actual absorption rate of infrared energy by the cigare
smoke. The absorption rate is calculated from the infra
absorption spectrum of the smoke. With the help of a foc
ing reflector, light beams of 1.8–2.0 cm in diameter will
formed. On the plexiglass plate over the gas vessel,
central seam of 23120 cm2, which is closely sealed with a
film that is well transparent to the infrared light. Through t
seam the infrared radiation enters the gas vessel an
mostly absorbed by the smoke where the energy is store
be used in heating the surrounding air in the later stage.

The smoke is injected into the gas vessel by medical
ringe needles through the two special injecting holes near
heating seam. The injecting holes will be automatica
sealed themselves as soon as the needles have been
drawn, so the gas in the vessel will not leak out. The injec
smoke has a very wide absorption spectrum band in the
frared region~with wavelength range of 2.5–6.3mm!. When
being mixed with the surrounding air, the smoke will he
the air with the energy absorbed from infrared radiation a
at the same time, will clearly show the motion trajectories
the mixed air. Thus the basic flow field and helical structu
of the formation of typhoons will be clearly visualize
@17,18#.

It must be pointed out that the heating process after
smoke is injected into the vessel goes side by side with
uniform counterclockwise rotation of the annulus at a p
scribed speed. The heating process lasts about 3–4 min.
time ~it is relevant with the scale of the model typhoon!, and
the characteristic scale of the model typhoon formed is in
range of 30–40 cm.

The intensity of infrared heater can be adjusted by va
ing the supply voltage. When the value of applied voltage
below 4 V the corresponding electrical power of heater
below 10 W. In such case the model typhoon cannot form
the time interval determined by the time similarity criterio
H0 .

FIG. 2. Vertical structure of the model typhoons.
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B. Display and measurements

For the visualization observing and taking pictures
model typhoons, the vertical and horizontal light sheets t
are about 0.6 cm thick~for the horizontal one! and have a
power of 0.5 W, each are mounted on the platform. The li
sheets are turned on only while taking pictures or dur
observation of the flow field in order to minimize interfe
ence with the experiment. The horizontal light sheet tha
movable in the vertical direction, can illuminate the horizo
tal circulation in the gas vessel separately in three differ
layers~with lower layer from 0.3–0.9 cm, middle layer from
2.0–2.6 cm, and upper layer from 3.3–3.9 cm! for photog-
raphy. The vertical light sheet is used to display the flo
field structure of the horizontal circulation in its vertical se
tions, as shown in Fig. 2.

Inside the gas vessel, along its radial lines, there are
eral small thermal sensors~1 mm in diameter!, which are
used to measure temperature distributions of the flow field
the horizontal direction of a section at some predefin
height. In Fig. 3 temperature curves of a single typhoon, i
section with the height of 3.8 cm equivalent to the height
15 km ~upper layer! of an actual typhoon, are shown. The
show similar temperature distributions.

C. Main parameters of experiments

In rotating annulus experiments the values of main para
eters would have to satisfy these criteria of dynamic simil
ity, geometric similarity, and similarity of boundary cond
tion, the variation range of parameters as shown in Table
Note that it is mainly dependent onH0 , D, andG, of course,
also relevant with other criteria. So, it is not easy carryi
this kind of experiment, especially using the gas as exp
mental medium.

FIG. 3. Temperature distribution of a single typhoon in a ve
cal section.
12
TABLE II. The variation range of main parameters in experiments.

Parameter Ue ~cm/s! Le ~cm! H0e ~cm! te ~s! Pbulb ~W!

Range of values 2–3 30–40 3–3.9 180–225, 120–150 10–
1-4
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ROTATING ANNULUS EXPERIMENT: LARGE-SCALE . . . PHYSICAL REVIEW E 64 056621
IV. EXPERIMENTAL RESULTS

A. Method of experiment

Two infrared heaters located in thex axis are separated b
a distancel .2r 0 , where r 0 is the maximum radius of a
single typhoon. Some amount of smoke is carefully injec
into gas vessel while at the same time the annulus star
rotate with a predefined speed. During this process, the
frared radiation energy was absorbed by the smoke, in t
the surrounding air was heated by the smoke. A large-s
helical~or vortex! structure began to take its shape gradua
As a consequence, the model typhoon appeared having
different regions, among them the central region was the
of the typhoon where the air went down. The region s
rounding the eye was a strong upward cyclone circulat
and the outmost region was a place for an anticyclone ci
lation and helical cloud bands. It can be seen that the fl
structure and its dynamic characteristics of the model
phoon were the same as those of the natural typhoons
one may see in satellite cloud photographs~Fig. 4!. As the
next step of the experiment, the two model typhoons w
allowed to develop into the mature stage, and then the
infrared heaters are moved alongx axis. As a result, the
outmost regions of the two model typhoons got closer
each other. Then at a certain stage, the infrared heater a
left side was removed@Fig. 5~9!# while the left typhoon con-
tinued moving rightwards at the drifting speed. As soon
l<r 0/2, the other infrared heater, i.e., the one on the ri
side, also ceases working@Fig. 5~13!# and the right typhoon
continued moving leftwards at the drifting speed@6# ~in

FIG. 4. Satellite photographs.~a! A single typhoon;~b! two
typhoons close to each other.
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large-scale, low-frequency atmospheric flow the drifti
speed has an effect on the stability of vortex; see, e.g.,@19#!.
The whole process is similar to typhoons in nature, wh
keep moving along their original path under the action
environmental air streams or offset forces due to the Cori
effect. Finally, the two typhoons will collide with each othe

It must be pointed out that for one-dimensional or tw
dimensional solitons with a simple structure, one may
different traveling wave speeds inX direction to realize the
mutual collision of two solitons in a numerical simulatio
However, this method will not work for typhoons with ver
complicated structures and dynamic processes. The me
used in our experiments can make two model typhoons d
with relatively different speeds and, therefore, make th
interact with each other without an external source. It
proved to be effective.

B. Collision of model typhoons

Figure 5 shows 32 pictures taken in the laboratory, wh
are able to demonstrate the whole process of the collis
between two model typhoons at various stages~among 32
pictures we take the first one in Fig. 5 as the starting time
a process!.

Figure 5~1! shows two model typhoons. They are almo
of the same size in their scale. The convergence of vort
and cloud bands of different helical structures are clea
shown. Together with an anticyclone motion outside the
phoons, which can hardly be made out in the pictures du
very weak smoke traces~and which would also agree with
the anticyclone motion for typhoons in the Southern Hem
sphere!, Figs. 5~2!–5~6! show the process when the two ty
phoons approach each other along thex axis. Their interac-
tion begins when the distancel between the two typhoons i
equal to about 2.2r 0 , and the helical cloud bands outside
the typhoons start to combine with each other@Fig. 5~7!#.
The interaction becomes more and more intensified whenl is
getting smaller, as shown in Figs. 5~8!–5~13!. When l be-
comes equal to or slightly less than 1.1r 0 , the two typhoons
start rotating around each other, and finally merge into o
with their eyes getting obscure as shown in Figs. 5~11!–
5~13!. After that, their profile assumes an elliptic shap
which is so-called autospinning of typhoons@20#, as shown
in Figs. 5~14!–5~16!. When l approaches zero, the eyes
the two typhoons merge completely into one, which becom
the only identifiable eye one may see inside the combi
vortex, but keeps its cyclone motion, as shown in Fi
5~17!–5~19!. Gradually, a separation process starts to sh
itself at first, the overall shape remains to be as a mer
one, with the two inside typhoons rotating around each oth
then one sees two eyes showing themselves from the me
typhoon@Figs. 5~20!–5~22!#. After that, the merged typhoon
begins to separate@Figs. 5~23!–5~26!#, and the respective
helical structures of two typhoons are recovered@Figs.
5~27!–5~29!#. One can clearly see the helical cloud ban
and cyclone motions of two respective typhoons in the
gions outside of their eyes.

After that two typhoons moving alongx axis on opposite
directions are completely separated as shown in Figs. 5~30!–
1-5
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FIG. 5. Laboratory experiment of the collision between two model typhoons.
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5~32!. Those are the main results of our experiment. E
experiment takes a lot of effort and the success of each
periment hinges on a number of factors, such as the am
of smoke to be injected, the duration of heating, and
speed of movement of the two infrared light sources. The
side heater was removed when the two model typhoons c
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near to (0.8– 1.0)r 0 apart as measured by their center d
tancel ~pictures 11–13 in Fig. 5!; and the right side heate
was removed whenl<r 0/2 ~pictures 4–16 in Fig. 5!. Then
the interaction of the two model typhoons took place witho
any external heat sources. The left model typhoon may d
about a distance of (0.9– 1.1)r 0 . If they are not driven to the
1-6
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FIG. 5. ~Continued!.
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distance ofl<r 0/2, their latent heat accumulated may not
enough to sustain their drifting while keeping their helic
structures.

Actually the KdV soliton, the Rossby soliton, or the a
tual typhoon in nature continue accumulating energy a
their formation to sustain their soliton profiles. It is inde
very difficult in the experiment to realize the instructio
only by the drifting movement of model typhoons.

C. Brief explanation of experiments

From Table I we know that all the similarity paramete
with the exception of Prandtl number Pr, cannot be var
independent of each other, for example, when varying
characteristic lengthl of a model typhoon, the six paramete
will be changed at the same time. Similarly, varying Corio
parameterf will change all these parameters, such as Ro,
andH0 . For the sake of illustration we will give a summa
explanation of experiments with different ranges of para
eters as below.

~1! Varying the rotating speedn ~rpm!. When n
,(0.5– 0.6)(rpm), the eye of model typhoon cannot
formed; whenn.3(rpm), the helical structure of model ty
phoon differs from normal typhoon and its structure is ve
instable.

~2! Decreasing the heating electrical powerPbulb~W!. The
proper heating powerPbulb is about 12 W, when thePbulb is
between 8 and 10 W, the entire time that is needed to for
mature model typhoon will extend to 5–6 disk day from
ones. If thePbulb is below 8 W it is very difficult to form a
model typhoon.

~3! Varying the size of model typhoon. In collision ex
periments of two model typhoons,r 1 and r 2 denote their
respective radii: Whenr 1<2r 2 or r 2<2r 1 , they cannot
separate from each other after colliding. The maximum
dius and minimum radius of model typhoons are about
cm and 10 cm, respectively.

~4! Changing the strength of model typhoon. Varying t
heating duration of a model typhoon can change th
strengths. For example, we start heating one model typh
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two disk days after heating another model typhoon, so t
these two typhoons formed in such a way will have differe
strength. In general, such model typhoons cannot sepa
after they come into collision with each other.

~5! Varying displacement speed of model typhoon. Aft
their merging, the two typhoons cannot split successfully
their respective drift speeds are very different, for examp
one has 0.5 cm/s and another has 1.0 cm/s before colli
with each other. The collision experiment had been repea
12 times, of which clear separations were observed 7 tim

V. RESULTS AND DISCUSSIONS

The merger of two typhoons after interaction and th
rotations around each other@21# have been extensively veri
fied by many satellite cloud photographs@22,23#. However,
the process lasts for very short time, which makes it rat
difficult to observe it in nature. No satellite photographs ha
been obtained to show the whole process, which rend
even more importance to our experiment. In order to av
the influence of the background flow field and the terrain,
top and bottom plates of the gas vessel are made of pl
glass. When the two model typhoons start to merge, the
infrared heaters are consecutively removed with a bit inter
of time. Our experiments simulate the state of the natu
typhoons when Coriolis force, centrifugal force, and t
force due to air pressure gradients come to an equilibr
and the rotating atmospheric system is governed by the
lowing equation:

nl
2

r
1 f nl5

1

r

]P

]r
. ~9!

So the two model typhoons move along their respect
original directions with the drifting speeds and are made
collide without external heat sources. Our laboratory exp
ments show that the separation does happen after a merg
two typhoons and their helical structure and essential sh
are restored~for a typhoon its structure is more meaningf
than its shape!. It means that the typhoon follows the simila
1-7
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basic dynamic characteristics of solitons. In other words
typhoon is a large-scale soliton with helical structures.

In fact typhoons in nature do have large-scale heli
structures, with a longevity of about 6 days. Usually they
rapidly broken down as soon as they have made a land
Some typhoons with longer longevity are also reported, ho
ever, such as the Ginger hurricane in Atlantic in 1971, wh
lasted as long as 1 month, which shows that the helical st
ture of the typhoons is fairly stable.

Although a typhoon is a dissipative nonlinear dynam
system, it absorbs a large amount of frozen latent heat on
oceanic surface during its formation process to counterac
energy dissipated by the eddy viscosity, which makes it p
sible for typhoons to maintain a local stable structure.

In summary, a typhoon follows the following three fe
tures: ~1! Separation and restoration of its original helic
e

h

s

n
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structures after collision,~2! relatively long life, ~3! a local
structure as the result of dispersion, dissipation, and non
ear actions. These three features strongly suggest tha
phoons are large-scale three-dimensional helical soliton
nature. At the same time, it is expected that the concep
soliton will be extended to be able to describe the kind
very complicated natural phenomena such as typhoons.
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