Modeling of Aurora Borealis Using the Observed Data
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In the field of Computer Graphics (CG), applications such as
movies and games benefit from realistic visualizations of atmo-
spheric phenomena because realistic visualizations increase appli-
cations’ attractiveness. Among the atmospheric phenomena, auro-
ras are some of the most beautiful phenomena, which makes their
visualization highly desirable for such applications.
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Physically, the generation of auroras depends on the solar activity.
Since auroras can be observed only in high latitudes and their ob-
servation depends on the weather condition, it is extremely rare to
observe auroras directly in nature. Therefore, modeling and visual-
izing the aurora borealis using CG are important.

Magnetotail Current

Figure 1: The charged particles enter the ionosphere in the nightside
In previous visual simulation methods for aurora borealis, the fluc- of the earth.
tuations and the curls of aurora are modeled by using a simple
model that treats the aurora as fluids and therefore does not reflect
the actual phenomena. One of the reasons for using such approxi-1
mate simulations is that the motions of the aurora borealis are not
fully understood yet among the researchers.

Introduction

Auroras are light emission phenomena and appear in 65- 70 degrees

In this paper, we propose a model for visualizing the aurora borealis
using data gathered from satellite observations. The observed dat
represents the electric fields and the distributions of Field-Aligned

of magnetic latitude. Auroras are categorized into three types, 1)
Quiet Arcs that grow thinly from east to west, 2) Arcs with linear

a’stripes along magnetic field lines, and 3) Rayed Arcs whose shapes

are similar to curtains. These emission phenomena arise from the

Current (FAC) in high latitudes. By using the captured data and
simulating the virtual current circuits that take place in the iono-

sphere, our method models the shapes of the aurora borealis. W
demonstrate that our simulation method can model time-varying
aurora borealis.

excitation of oxygen and nitrogen in the atmosphere due to charged
articles (electron and proton) that are emitted from the sun and en-
er the ionosphere in the nightside of the earth [Clauer and Ridlcy
1995], as shown in Fig.1. The colors of the auroras depend on the
kind of particles that collide with the charged particles [Roble and
Ridley 1987]. The relationship between the energies of the charged
particles and the altitude in the atmosphere has been already in-
vestigated as shown in Fig. 2. Thanks to observations from the
ground and satellites, the evolution process of auroras, called “Au-
roral Substorm”, is known. Akasofu confirmed that the typical au-

CR Categories: 1.3.5 [Computer Graphics]: Computational Ge-
ometry and Object Modeling—Physically based modeling; 1.3.7
[Computer Graphics]: Three-Dimensional Graphics and Realism—

Animation; L . )
' rora storms occur within 1-2 hours and Quiet Arcs evolve into com-
plex shapes [Akasofu 1964]. Auroras often show outbursts called

Keywords: natural phenomena’ aurora borealisl electric current “Auroral Breakup". It is confirmed that this outburst coincides with

the rapid increase of the electric current along the magnetic filed
lines. Fig. 3 shows the relationship between the auroral breakup
and FAC in [Atkinson 1967]. In the east end of the arc, a strong
downward FAC is observed, while an upward FAC is observed in

simulation, observed data

Tz_mz::; Eg;%rgr:iﬁ:bs.sustﬁkéi;giJp the west end of the arc. In the arc that expands from east to west,
*te-mail: iwasaki@sys.wakayama-u.ac.jp electric current flows towards west and the quantity of the electric
8e-mail: doba@ime.ist.hokudai.ac.jp current also influences on the brightness of the aurora. However,
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vestigated by experts in the auroral research field. Therefore, it is
currently impossible to numerically simulate the auroral breakup.

We propose an efficient method to model the shapes of auroras us-
ing the observed data of the ionosphere by considering the rela-
tionship between the FAC and the aurora. Our method utilizes the
observed data provided by CCMC (Community Coordinated Mod-
eling Center) [CCMC ].



The rest of the paper is organized as follows. Section 2 discusses the
previous methods including the geophysics researches. Our method
is explained in Section 3. In Section 4, several examples are demon-
strated. Finally, Section 5 concludes the paper and describes the
future work.
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2 Related Work

Relative Enengy Deposition Rate

In the research field of earth’s magnetosphere, Yamamoto proposed 0.001 L1 1 S R =

a simulation method of magnetosphere to investigate the generation g 100 An_:ui[’ _ m“*” X 15i 180 200
process of auroras [Yamamoto 2011]. Although this method can itude in Atmosphere (km)
reproduce the electric and magnetic fields found in during the gen- _ . . ) .
eration of auroras, this method is computationally expensive and is Figure 2: The relationship between the relative energy deposition

not suitable for CG applications. rate and the altitude in the atmosphere.
[Aso et al. 1998] proposed a method called “Aurora Computed To- FAC
mography” that restores three-dimensional information of auroras (Field-Aligned Current)

from observed data. This method mainly focuses on the calcula- 1 1
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In the research field of CG, Baranoski et al proposed several meth-
ods to simulate and render auroras [Baranoski et al. 2003] [Bara-
noski and Wan 2005]. Baranoski et al. proposed a modeling method
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of auroras that simulates the dynamics of precipitating electrons West East
and collisions in the atmosphere stochastically to obtain the dis- \’\_/—/d'
tributions of light emission. The initial distributions of precipi- \
tating electrons are calculated by extracting thin sheets from the Aurora Are Moving Direction

observed images. Then the movement of the sheets is calculated
by using the forces to the charged particles. These methods can
simulate and render realistic auroras. Lawlor et al. proposed a real-
time rendering method for auroras using GPUs [Lawlor and Genetti
2011]. This method employs the light emission model that can be
calculated from the incident energies of auroras (see Fig. 2). This
method, however, simplified the dynamics of auroras by treating the
auroras as fluids and calculated the shapes of the auroras by usin
two-dimensional fluid simulations [Stam 1999].

Figure 3: The relationship between the auroral break up and the
field-aligned current. The upward/downward dashed line shows the
flow of FAC.

%istributions of FAC and the electric field potential per minute.
These distributions are represented with the polar coordinate sys-
We propose a novel modeling method of auroras. Our method tem, where the origin corresponds to either the North or the South
does not employ the fluid simulation nor the particle-based simu- pole. The angular resolution is 8181 for each pole. Fig. 4 shows
lations, while our method employs the Lawlor's method [Lawlor an example of the actual observed data. The center of the image
and Genetti 2011] for the rendering of auroras. The shapes of corresponds to the pole. We use the distributions observed at the
time-varying auroras depend on the spatial variations of the inci- time when the auroral storm occurred. We assume that the input
dent flows of the electrons from the magnetosphere. Our methoddata corresponds to the distributions at the uppermost part of the
calculates the shapes of auroras based on the observed data of thenosphere and calculate the distribution of incident electrons into
magnetosphere, which is a closer model to the actual phenomenahe ionosphere and the brightness resultant from the energy.

than previous methods that treat auroras as fluids and simulate sim-

plified particle dynamics.

3.2 Proposed method

3 Aurora MOdeImg The shapes of aurora depend on the positions and energies of the
electrons coming from the magnetosphere. Electric current flows

In th|s Sec’[ion’ we exp|ain the acquirab|e Observationa| data and from east to west in the auroral thln Iayer. Based on these faCtS, our

explain the method of representing the aurora using the data. method calculates the shapes of thin auroral arcs by simulating the
trajectory of the incident electric current FAC from the magneto-

sphere in the ionosphere. Then our method calculates the intensi-
ties of the auroras by calculating the received energy. Fig. 5 shows

3.1 Input data the conceptual diagram.

A few statistical potential models for the high-latitude ionosphere First, from the electric field potentigl which can be obtained from
(the latitude 65-80 degrees, the altitude 60km to 800km) have beenthe observed data, the electric fiflds calculated by the following
suggested. We use Weimer lonosphere Models [Weimer 1995] be-equation,

cause it is possible to extract voluminous information from them

by setting detailed parameters. These models provide us with the E =-0o. (1)
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Figure 4: (a) and (b): The distribution of the electric field poten-

tial. (a)/(b) corresponds to positive/negative potentials. (c) and (d):
The distribution of FAC. (c)/(d) corresponds to upward/downward

electric current. The portions where the current is incident to the
ionosphere are denoted as positive.
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Figure 5: An illustration of our simulation model. We obtain the

shape of an aurora by tracing the electric field potential from a
location where FAC is incident to the ionosphere. (a) and (b)
show the distribution of the electric field potential and FAC, respec-
tively. Downward or upward lines between (a) and (b) connect the
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into the ionosphere. The change in amounts of electric current is
calculated along the auroral line obtained from the tracing, and the
energy which flows into the ionosphere is calculated with the Equa-
tion (3). The conceptual diagram is shown in Fig. 5. The electric
current is split in two by the FAC; one which goes into the iono-
sphere and another which goes along the auroral arc. This is equiv-
alent to the calculation of current circuit where auroral arc is used
to resemble conductive track. According to Kirchhoff’s law,

(4)

where Jiy represents the current descending into the ionosphere.
Ji, Ji_1 represent the current in theh and (-1)th zone within the
auroral arc, respectively, adgac represents the inflow (or outflow)

of FAC at that point. FAC has a signed value which is positive in
the case of inflow and negative in the case of outflow. The current
flow along the auroral arc is calculated using Equation (2) assum-
ing that the conductivity is constant. Using Equation (4) the current
descending into the ionosphere can be calculated at each point of
the auroral arc, and from its energy the luminance of the aurora can
be calculated. Further, by adopting a model in which the current
migrates from the east side to the west side, the variations in lumi-
nance along the east-west direction of the aurora can be reproduced.

Jal = Ji—1+JIrac — Ji,

Our method employs the method proposed by [Lawlor and Genetti
2011] for the rendering of the auroras. Inputs to this rendering sys-
tem are the shapes of the auroras, the intensity distribution, and the
distance map that stores the distance from the auroras. The distance
map is calculated from the shape of the aurora and its intensity dis-
tribution obtained as a result of the proposed method.

4 Results

We have implemented the proposed method using C++ and
OpenGL on a standard PC (CPU: Intel(R) Core(TM)2 Quad
2.66GHz, RAM: 2.0GB). The computational time for the shape of
the aurora borealis from one set of observed data was 7.5s. Fig. 6

corresponding coordinates, and downward/upward lines show theshows the shape of the aurora borealis and the intensity distribution

incoming/outgoing electric current into/from the ionosphere. (c)

obtained by using our simulation model. The green line in Fig. 6

shows the boundary of the magnetosphere and the ionosphere, andhows the shape of the aurora borealis viewed from the space. It
the electric current is simulated on the upper part of the ionospherecan be seen that the long east-west extent of the aurora, and the

(boundary with the magnetosphere).

The direction of electric current flowing through the ionosphere
corresponds to the direction of the electric field according to the
Ohm’s law.

J=0E, (2

whereo represents the electric conductivity. By tracing the flows

manner in which the aurora appears along the path and then the
arc gradually disappears, are reproduced. Fig. 7 shows the effec-
tiveness of Equation (4). The intensity distribution along aurora
arcs becomes monotonic if the current circuit inside the arc and
the upward FAC are not taken into consideration. Moreover, the
increase of the intensity from east to west cannot be reproduced.
Fig. 8 shows the rendering results of time-varying auroras using
our method. Our method can simulate sudden emissions of time-
varying auroras, which cannot be reproduced by using fluid simu-
lations nor image-based methods. Fig. 9 shows the aurora borealis

of the electric current according to the electric field, our method can viewed from the space. Since actual data is used, aurora borealis
obtain a shape of thin auroral arc. Our method selects a point with appears in the upper region, called autoral overls, which surrounds
a sufficient amount of energy to generate auroras as the initial pointthe geomagnetic poles at latitudes of 65-80 degrees.

where the tracing starts. As shown in Fig. 2, the electrons with

5keV or more energy contribute to the aurora emission. From the

input data, the electronic ener@yis calculated by the following
equation.

Q=JEt ®)

whereJ = |J| andE = |E| represent the magnitudes of FAC and
electric field, respectively, artdepresents time.

Next, we explain how to calculate the intensity of aurora. The in-

5 Conclusions and Future Work

We have proposed a modeling method for the aurora borealis using
data gathered form satellite observations. By taking into account
the electric current of the aurora, our method can reproduce the
movements of the aurora, which cannot be reproduced using pre-
vious methods. The computational cost of our simulation method

tensity of aurora depends on the energy of electrons which comeis small and our method is simple to implement. Since our method
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(a) 10min
Figure 6: The shape and the intensity distribution of the aurora(s)
obtained by using our modeling method. The left side of the figure
corresponds to a sunset side.

(a) (b) (b) 30min

Figure 7: (a): The result in which only the shape of the aurora is
calculated. (b): The result in which the energies of the descending
electrons are taken into account as well. The left side of each figure
corresponds to a sunset side.

calculates the shapes of the aurora borealis on a two-dimensional
plane, our method cannot represent complex vertical variations.

While we have proposed a modeling method using observed data, (c) 50min

we would like to propose an efficient simulation method for the

magnetosphere, which would decrease the amount of user interac- Figure 8: Results of two time-varying aurora arcs.
tion.
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