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Abstract. There are many atmospheric phenomena which can be taught in the frame of different subjects at
secondary schools. Geography and environmental education characteristically deal with observable natural phe-
nomena. Some of them can be easily modeled in a school laboratory, but in spite of this neither the exact (phe-
nomenological) description nor the theoretical background of these phenomena are given in any of the curricula.
These phenomena include a wide scale of atmospheric and marine whirls. The beauty and frightening effect of
the vortices from dust devils and waterspouts to hurricanes and cyclones can be a great motivating force for the
students to learn more about the physics of these phenomena. This paper demonstrates the introductory steps
of the elaboration of a learning material about the atmospheric eddies and shows how can be connected the
formal and non-formal teaching methods. To construct the teaching material the principles of the MER (Model
of Educational Reconstruction) will be applied (Niebert and Gropengiesser, 2013), having planned the educa-
tional reconstruction of the scientific content we suggest simple conceptual and mathematical description of
atmospheric whirls of tornadic type at secondary school level.

1 Introduction

Atmosphere and processes occurring in it are very interesting
ones and our everyday life is highly influenced by them. Tor-
nadoes and hurricanes are sometimes frightening but always
exciting phenomena. There are lots of people who fanatically
observe these and take photos and videos from them. In spite
of this, mainly due to the complexity of the processes men-
tioned above, curriculum contains very modestly this field of
physics. However, it is not difficult to excite the curiosity of
the students by these admirable spectacles. Meteorological
data, satellite and radar images of the atmosphere give wide
possibility for teachers to set project work for students to do
self-sufficient research-work. These topics can be illustrated
with beautiful pictures (Fig. 1) which can be downloaded
from the internet. Their physical background can be treated
at different level depending on the previous experiences of
the students. Besides this studying vortices occurring in ro-
tating containers can provide an opportunity for students to

understand the role of the forces governing the atmospheric
processes – the gravitational force, the Coriolis force, and the
friction force – and to work individually under proper super-
vision.

In this paper we deal mainly with dust devils, fire whirls,
tornadoes and tropical cyclones. They can be treated more
or less in a similar way, but while the first three are of rather
small scale and with forces in action which the Coriolis force
cannot compete with, the latter is of much larger scale and
in some regions of it the Coriolis force plays significant
role (see Sect. 4.2.2). This makes tropical cyclones rotating
strictly counterclockwise, while the others can rotate both di-
rections.

The atmospheric phenomena can be investigated essen-
tially at three levels. The first level is to classify and analyze
the observations and to present model experiments related to
the phenomenon investigated. On the next level, we create a
conceptual model that helps to understand the phenomenon,
and on the third level we construct a precise mathematical

Published by Copernicus Publications.



202 A. Király and P. Tasnádi: Atmospheric eddies in Science Centers

Figure 1. (a) A visible image of Major Hurricane Matthew taken from NASA’s Terra satellite on 7 October 2017 at 00:00 EDT as it continued
moving along Florida’s East Coast. Matthew was a Category 3 hurricane at the time of this image (Credit: NASA’s Goddard MODIS Rapid
Response Team). (b) A dust devil in Arizona (source: Wikipedia, credit: NASA). (c) A fire whirl at 19 February 2002 (source: Wikipedia,
credit: the US Fish and Wildlife Service).

model based on the conceptual model. In this paper we ex-
amine which parts of the scientific level investigations of the
vortices and with what kind of simplifications can be intro-
duced into the education at the secondary school level. This
is the first iterative step in the processing of a MER-type edu-
cational material, when the selection of some parts and con-
cepts from the scientific description of the phenomena and
the selection of the teaching method appropriate to the age
of the pupils occurs.

2 Scientific background

The atmospheric vortices are currently a vividly researched
part of meteorology, and there are incredible amount of pa-
pers and books about the results. Due to the development of
the experimental and measuring technics enormous amount
of observation have accumulated about the broad scale of at-
mospheric eddies. The theoretical description of the vortices
has been also improved and the result of the measurements
has been verified with high quality simulations too. The the-
oretical description of vortices is based on the Navier Stokes
equation written in non-inertial frame of reference as well as
on the laws of the thermodynamics. Their time development
can be followed with applying the three dimensional vortic-
ity equations. Calculations need to apply higher mathemat-
ics (e.g. partial differential equations, spherical polar coordi-
nates etc.). So in the explanation of the atmospheric vortices
both the applied physics laws and mathematics are highly be-
yond the secondary school level. Therefore teachers should
select very cautiously the content knowledge and the mathe-
matics applied when the educational reconstruction is elabo-
rated. To help this, we make recommendations in this article
and in the background material to be created later. We have
chosen two books (Houze, 1993; Allaby, 2004) and some
METED learning materials (Laing and Evans, 2016) as a ref-

erence when we have made proposals to the content knowl-
edge of secondary school teaching. We have mainly relied
on qualitative findings about the vortices, and tried to create
a description fitting well to secondary school level. The fol-
lowing properties of vortices were chosen as basics for this
procedure. Their common feature is the central pressure de-
pression about which the air particles are spiralling upwards.
Due to the fierce upward motion generally a downward mo-
tion is developing in the middle of the whirls. According to in
situ and model measurements as well as simulations the core
of the whirls is warmer than its environment (Emmons and
Ying, 1967; Zhao et al., 2004; Balme and Greeley, 2006; Her-
rero et al., 2012). The descending air is moving nearly adia-
batically therefore it becomes warmer than the air in the wall
of the whirl where the air is moving upwards (also nearly
adiabatically). The smaller whirls can rotate either clockwise
or anticlockwise.

3 Atmospheric eddies in Science Centres and at
other non-formal places of education

Science centres feature interactive exhibits and offer hands-
on experiences for visitors, encouraging them to experi-
ment and explore. Among others, the Dynamic Earth in Ed-
inburgh, UK (https://www.dynamicearth.co.uk/, last access:
18 July 2019), the Universum in Bremen, Germany (https:
//universum-bremen.de/?lang=en, last access: 18 July 2019),
and the Vida Science Centre in Brno, Czech Republic (https:
//vida.cz/en/, last access: 18 July 2019) has a very wide
range of experiments related to hydrodynamics. Vörös and
Sárközi (2016) also mention some European science centres
featuring environmental physics exhibits. In the following we
will introduce two possibilities from Hungary related to the
informal teaching of atmospheric eddies.
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Figure 2. (a) A water whirl in a column of water, initiated by some paddles in the bottom of the vessel – made by the visitor itself (Center of
Scientific Wonders). (b) A “tornado” in a rotating vessel filled with water (Kármán Lab, ELTE). The paint dropped into the vessel shows its
structure. A short film about this can be found at http://scilwg.elte.hu/2018/EMS/film/6494_75s.wmv (last access: 18 July 2019). (c) A fire
whirl, which was shown during an experimental demonstration to the visitors – whirl with and without rotating the plate below the cylindrical
wire mesh (Center of Scientific Wonders) (all of these photos by A. Király).

3.1 Science centres and informal learning, the Center of
Scientific Wonders in Budapest

The Center of Scientific Wonders in Budapest (it is also
known under the name of Palace of Miracles) was the first
science center in Eastern-Europe, it has opened its gates
22 years ago. Nowadays we have more than ten science cen-
tres in Hungary, some of them are focusing to a narrow topic,
e.g. the Mobilis Science Center in Győr to the physics of au-
tomobiles and traffic, or the Futura Science Center in Moson-
magyaróvár to sustainability and renewable energy sources.

The Center of Scientific Wonders has got more than
250 games and tools demonstrating various physical
(Fig. 2a), chemical and biological phenomena; fascinating
lectures and experimental demonstrations (Fig. 2c). They
also have some programs for teachers and science educa-
tors showing how the science centres can help education,
the more to arouse the interest of children and students in
natural sciences and engineering. Meteorology related in-
teractive games and science shows have been present in
their scientific-educational program from the establishment
of the centre. Some months ago they has started a joint
event with the experts of The Hungarian Meteorological Ser-
vice (OMSZ) consisting of monthly live streamed lectures
and talks.

3.2 Laboratory visits at the von Kármán environmental
flows lab of the University

The Eötvös Loránd University (ELTE) has a research lab,
the von Kármán Laboratory for Environmental Flows, which
is one of the very few of its kind in Europe. Based on
the principles of hydrodynamic similarity, large-scale at-
mospheric and oceanic phenomena (shallow-water waves,
tsunamis, weather fronts, atmospheric convection, cyclones,

tornados, etc.) can be accurately modelled and demonstrated
here (Fig. 2b) in relatively simple, aquarium-sized experi-
mental setups. This university lab is open for guided tours
of visiting groups (preferably high school students) on one
day per week (usually on Fridays) at any pre-agreed time.
Sometimes they also organize a Lab tour for the public on
the Researchers’ Nights and other special events of the Uni-
versity. As we mentioned above, the von Kármán Laboratory
for Environmental Flows is also a research lab, a nice de-
tailed study about modelling atmospheric vortices was done
here by Halász et al. (2007).

4 What can be said at secondary school level

The secondary school level treatment of atmospheric eddies
is highly restricted by the national physics curriculum. How-
ever, curricula permit the discussion of so called additional
topics which can be freely chosen by teachers. The atmo-
spheric whirls, due to their impressive appearance, as we
have mentioned, are very suitable to be complex additional
topics for secondary school physics (Döményné Ságodi et
al., 2009). The selection of the knowledge content can be
done along the three investigation levels which was already
mentioned.

At first students should observe directly and indirectly the
phenomena. Taking photographs about whirls and looking
for videos about them at the internet arouse their interest.
However, according to our experiences students quickly be-
gin to try to find out the explanation of the spectacular phe-
nomena. After observing the phenomena they should collect
the experimental facts and data about the mechanical and
thermal properties of whirls with the help of their teachers.
(Relevant data can be find e.g. Rennó and Bluestein, 2001;
Kanak, 2005; Bluestein, 2013).
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Figure 3. How the fire tornado formed (snapshots from an animation, Johnson, 2018).

4.1 Conceptual models

Having got the experimental facts construction of conceptual
models are the best tools to give explanations of the intricate
motion of the air in the whirls. Conceptual models show a
schematic picture of the stream lines which can be regarded
as the path of the moving air particles (and dust or water
drops).

On the basis of this pictures the vortex movement and the
three dimensional structure of the whirls can be explained,
without the explicit use of the concept of vorticity vector or
angular momentum. (At this level it is worth mentioning that
atmospheric whirls are visible due to the sucked dust and
debris or water droplets.) The models are indicating that a
relatively strong convection and the rotation about a vertical
axle are necessary requirements of the arising of the tornadic
whirls (dust devils, water whirls, fire whirls and tornadoes).
These models are the most important part of the knowledge
content of the proposed teaching material because they qual-
itatively reflect the basic features of phenomena and with fur-
ther simplifications can serve as a starting point for quantita-
tive description. The sequence of drawings in Fig. 3. explain
the development of a fire whirl (the so called Carr Fire) hap-
pened in July of 2018 in the area of Redding, in California
(Johnson, 2018). The formation of the vertical whirls can be
explained by the so called hairpin (horseshoe) mechanism
(Oncley et al., 2016). According to this mechanism a hori-
zontal vortex line is tilted in vertical direction by a strong
updraft coming into existence due to a local warming of the
ground. For this reason, two vortices rotating in opposite di-
rections come into existence. Sometimes both of these whirls
persist, but usually the anticyclonic one ceases (The forma-
tion of supercells is often the consequence of this mechanism
too.) The vertical stretching of the fire column is a conse-
quence of the fierce updraft. It is demonstrated very impres-
sive way in a film, where a moving dust devil covers a burn-
ing oil-well. (Dust Devil “Firenado” On Russian Gas Field:

https://www.youtube.com/watch?v=qg9YCTbO4ag, last ac-
cess: 18 July 2019).

4.2 Kinematics and dynamics of vortices

The highest level of understanding a phenomenon is the
quantitative description. At scientific level this can be done
by the use of the suitable form of the Hydro- and Ther-
modynamic Equations. At secondary school level we have
no chance to apply partial differential equations and to use
spherical polar coordinates, therefore the atmospheric whirls
can be treated only by strong simplification of the concep-
tual models. However, it will be shown, in spite of the sim-
plifications, that a simple dynamic model supported only by
the dynamics of circular motion can provide quantitative re-
sults reflecting the important properties of the whirls. Most
of atmospheric whirls can be regarded as a rotating air col-
umn. The velocity distribution of the vortices stabilizes for a
shorter or longer period of time and in this period, according
to measurements, the tangential velocities can be approxi-
mated with that of a Rankine vortex (Wood and White, 2010).
In a first approximation we can ignore the vertical motion of
the particles thereby they are moving on horizontal circles.

Dynamically the horizontal motion of the stationary whirls
can be described by the radial equation of motion:

Fcp = ρ
v2

r
= F1p +FCo (1)

where ρ is the density, r is the radial distance from the axle
of the column, F1p, and FCo are the gradient, and the Corio-
lis force, respectively. The gradient force expresses the effect
of the pressure difference at a given place the notation 1p
in the index reminds us to this. The analysis of the magni-
tude of the forces shows that the friction force is generally
smaller than the other forces involved therefore, for the sake
of simplicity it is neglected. However, the interpretation of
the equation, in spite of its simplicity, is not easy. The main
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Table 1. The typical values of characteristic velocity (U ) and characteristic length (L), the Rossby-number (Ro), and the type of the force
balance in the three regions of an intense and a weak tropical cyclone. Based on MetEd (Laing and Evans, 2016).

Intense tropical Eye wall U ≈ 40 m s−1 L≈ 5 km Ro≈ 800 cyclostrophic
cyclone Storm strength U ≈ 15 m s−1 L≈ 150 km Ro≈ 10 gradient

Outer U ≈ 10 m s−1 L≈ 500 km Ro≈ 2 gradient

Weak tropical Eye wall U ≈ 20 m s−1 L≈ 12 km Ro≈ 167 cyclostrophic
cyclone Storm strength U ≈ 15 m s−1 L≈ 150 km Ro≈ 10 gradient

Outer U ≈ 4 m s−1 L≈ 500 km Ro≈ 0.8 geostrophic

difficulty comes from the use of the accelerating coordinate
system fixed to the rotating Earth, so inertial forces have to
be taken into account. One of the most important didactic
question is how the Coriolis force can be introduced at sec-
ondary school level. This question is discussed in numerous
publication (Higbie, 1980; Wilson, 2011; Gróf, 2016) there-
fore we do not go into details here. As the best possibility for
introducing the Coriolis force we suggest (Tél et al., 2018).
We mention furthermore that Eq. (1) is often interpreted in
the reference frame of the rotating column. This interpreta-
tion causes superfluous difficulties at secondary school level
due to the use of two non-inertial frames where one of them
is embedded into the other one.

The treatment of the gradient force is also not simple, but
we can approximate the derivative of the pressure with the
1p/1r difference quotient. The approximation is maybe fa-
miliar for student who experienced in computer program-
ming.

4.2.1 The Rossby number

To apply Eq. (1) for the description of tornadic whirls and
tropical cyclones we suggest making a simple scale analysis.
It is worth writing the

Fcp

FCo
=

v2

rf v
=

v

f r
(2)

ratio of the centripetal and Coriolis force where v is the
speed, r is the radius, and f is the Coriolis parameter, which
is slightly depends on the geographical location, but here we
regard it as a constant. The value of the Coriolis parameter
at the Equator is zero and at the poles is 1.5× 10−4 but in
a whirl which is at a given place it changes only slightly.
Taking into account the characteristic speeds and radii of the
dust devils and those of the fire whirls and water whirls we
can conclude that the Coriolis force is negligible, so for tor-
nadic type whirls the equation of motion can be simplified to
ρ v

2

r
= F1p.

The scale analysis of the equation of motion of tornadic
whirls and hurricanes can be executed without mentioning
the Rossby number. However, it is worth introducing it by
the general definition:

Fcp

FCo
=

U2

LfU
=

U

fL
= Ro (3)

where U is the characteristic value of the speed, L is the
characteristic length of the motion investigated, and f is the
above mentioned Coriolis parameter. The Rossby number is
a dimensionless quantity and suitable for the comparison of
the magnitude of forces in rotating systems. (Applying the
Rossby number at secondary schools the use of dimension-
less equations can be also prepared.)

4.2.2 Tropical cyclones

The motion of a hurricane is more complicated. Here we
essentially can follow the description which can be found
in METED (Laing and Evans, 2016). However, against the
METED’s interpretation we deliberately don’t use the frame
rotating together with the air. Although the physical proper-
ties of the tornadic whirls and tropical cyclones are very sim-
ilar, the size of the latter is much bigger so it can be divided
into three regions in which, due to the increase of the radius
(the characteristic length), the Rossby number indicates the
dominance of different forces.

In case of Ro < 1 the horizontal motion is geostrophic and
F1p = FCor, (this region is the farthest from the centre of
the cyclone) in case of Ro≈ 1 a gradient wind is developing
and Fcp = F1p −FCor, and in case of Ro� 1 the motion is
cyclostrophic and Fcp = F1p, the Coriolis force is negligible
(this region is the eye wall area of the hurricane).

It can be seen that the motion of tornadic whirls is cy-
clostrophic while, tropical cyclones have three regions: Eye,
Storm Strength, Outer. As a simple storm analysis we could
calculate the Rossby-number for both an intense and a weak
tropical cyclone in the three typical regions with using
the typical values for the wind speed U and for the spa-
tial scale L, and regarding f as a constant value of f0 =

10−51/s, and comparing the resulting values for Ro for each
storm in each region, we could see whether the fundamental
balances in the regions would change with changing intensity
(see in Table 1).

We could conclude even from this simple analysis, that the
balance structures of different storms vary with its radius,
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and the gradient wind region extends further for the intense
tropical cyclone than for the weak ones.

5 Conclusions

The whirls are interesting and spectacular atmospheric phe-
nomena, and their observations and laboratory reproductions
are suitable to increase the students’ motivation and to raise
their interest towards physics and environmental issues. By
analysing the properties of the tornadic whirls we made pro-
posals for secondary school teaching of them. The steps of
teaching will be the following: observation of the phenom-
ena, making conceptual models, and giving a mathematical
description on the basis of simplified conceptual models. The
most intricate point of the line of reasoning at secondary
school level is the applied reference system and the under-
standing of the exact meaning of the Coriolis and the pressure
gradient force. We strongly recommend the use of the surface
of the Earth as reference system. Going to an informal place
of education, such as a Science Center or a university lab,
or participate in some experimental demonstration event also
could make learning physics more enjoyable for the students.
Besides this, analysing the physical properties of whirls, stu-
dents can gain skills in modelling natural phenomena.
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