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Abstract. Plasma vortices are often detected by spacecraft in
the geospace (atmosphere, ionosphere, magnetosphere) envi-
ronment, for instance in the magnetosheath and in the mag-
netotail region. Large scale vortices may correspond to the
injection scale of turbulence, so that understanding their ori-
gin is important for understanding the energy transfer pro-
cesses in the geospace environment. In a recent work, tur-
bulent state of plasma medium (especially, ionosphere) is
overviewed. Experimental observation data from THEMIS
mission (Keiling et al., 2009) is investigated and numerical
simulations are carried out. By analyzing the THEMIS data
for that event, we find that several vortices in the magnetotail
are detected together with the main one and these vortices
constitute a vortex chain. Such vortices can cause the strong
turbulent state in the different media. The strong magnetic
turbulence is investigated in the ionsophere as an ensemble of
such strongly localized (weakly interacting) vortices. Char-
acteristics of power spectral densities are estimated for the
observed and analytical stationary dipole structures. These
characteristics give good description of the vortex structures.

1 Introduction

In a dispersive medium, especially in space, astrophysical
and laboratory plasmas, the various nonlinear localized wave
structures are generated and developed easily enough (Hor-
ton, 1990; Aburjania, 2006). Investigation of nonlinear inter-
action of wave structures with each other and with medium
is important. Nonlinear interaction of wave structures can be
described by interaction of the localized structures or sepa-
rate wave harmonics. At certain conditions this interaction
leads to chaotization of phases of the structures or waves. As
a result of chaotic dynamics of phases of the wave structures

the macroscopic motions occur usually named as turbulent
motion.

Following its own logic of development, in the sixty years
of the last century the plasma turbulence theory was based
on the weak turbulence model when the weak interaction be-
tween the modes due to nonlinearity was considered. Within
the framework of this model solution of the wide range of
questions and explanation of a number of the important non-
linear phenomena (Horton, 1990; Galeev and Sagdeev, 1976)
was possible. The weak turbulence theory is constructed via
decomposition of the initial equations for plasma with re-
spect to a small parameter — relation between the fluctua-
tions’ energy and full energy of plasma.

According to the existing representations, in each certain
situation the strong turbulence at some extent represents a
set of interacting waves and the ordered nonlinear structures
(vortices). Depending on interaction between free (weakly
turbulent) waves and structures, the strong turbulence can be
either mainly wave, or structural (vortical, granular) turbu-
lence (Diamond and Carreras, 1987). Herewith, these struc-
tures absorb free energy of plasma more effectively, than the
linear waves (Galeev and Sagdeev, 1976). So the strongly
localized vortex structures containing the trapped particles,
kneading in plasma, can raise the strong turbulence and in-
crease the transport of heat and particles.

However, the strongly localized vortex structures are com-
mon in the Earth’s magnetosphere and ionosphere. They pre-
vail in the nightside plasma sheet (Keiling et al., 2009).
Plasma vortex-like flows have also been observed on the mid-
dle to high-latitude boundary of the outer radiation belt by the
Cluster spacecraft fleet (Snekvik et al., 2007). The plasma
flow vortex found in the magnetotail is characterized by pro-
nounced vortical motion in the plane that is approximately
parallel to the ecliptic plane. Vortex structures in the plasma
sheet are thought to be important in transportation of the
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kinetic energy from fast flow or bursty bulk flows (BBFS),
which are interpreted as a consequence of reconnection, in
the magnetosphere to the ionosphere (Snekvik et al., 2007).

The aim of this paper is development of the theoretical
and experimental study of the stationary strong vortex turbu-
lence in space plasma, in particular, the self-consistent model
and interpretation of experimentally observed frequency and
spatial spectra of turbulent pulsations presented in works
(Sahraoui et al., 2004, 2006; Alexandrova et al., 2008; Narita,
2007; Keiling et al., 2009).

2 Model of strong structural (vortical) turbulence

The turbulent state described by model, given in (Aburja-
nia et al., 2009) consists from the small amplitude modes
of wide continuous spectrum according to wave numbers
(weakly turbulent spectrum), and also from the ensembles
of the vortex structures considered. Herewith, each vortex,
moving with velocity u gives the certain contribution to a fre-
guency spectrum w = ku of fluctuations of density and elec-
tromagnetic fields of plasma. As the vortex velocity depends
on amplitude, the frequency spectrum of a vortex set with
various amplitudes can be wider, than a corresponding spec-
trum of small amplitude waves poorly correlating with each
other. Experimental magnetospheric observation (Sahraoui et
al., 2004; Zimbardo, 2006; Narita et al., 2007) and laboratory
plasma observations (Gekelman, 1999) have shown, that a
frequency spectrum width of fluctuations of density, electric
and magnetic fields greatly exceeds that predicted by the the-
ory of weak turbulence (Horton, 1985). Therefore it is possi-
ble to assume, that the basic state to a fluctuations spectrum
in magnetized plasma is given by solitary waves, vortex soli-
tons. As regards of the weak turbulent parts of a spectrum, its
role will be assumed negligible small and can be added up, if
necessary, with soliton part of turbulence (we shall partially
consider its influence expressed in stochastization of a vortex
structures’ spectrum).

Because of strong localization of vortex structures in space
they do not have long-range action and consequently they are
distributed randomly, similarly to molecules of gas. Here-
with, random position and a phase of the vortex structures
are caused by collisions among themselves. All this allows
constructing the model of strong turbulence of plasma in the
form of ensemble of the vortex structures, with vortices of
various amplitudes randomly distributed in space, and due to
this to apply the statistical approach for their description.

Thus, we shall consider, that strong turbulence of plasma
represents ensemble of weakly interacting vortex structures
(the basic condition), each of which is characterized by equal
distribution of energy of system between N identical vortices
(N is a parameter of state). Herewith, each vortex represents
a separate degree of freedom of system. Then quasi station-
ary turbulent state can be expressed during each given mo-
ment of time on the basic states (on ensembles).
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In the model of the strong vortex turbulence (Aburjania
et al., 2009) the basic state of plasma turbulence represents
an ensemble of two-dimensional drift- Alfvén vortices of the
electron skin size: each active area of the plasma medium
with a size L x L is covered by the N randomly distributed
vortices of identical amplitude. We shall notice, that in a
real turbulent state the different kind vortices are mixed up,
but numerical simulations (Birn, 2004), laboratory experi-
ments (Nezlin and Snezhkin, 1993) and space observations
(Chmyrev et al., 1991; Alexandrova et al., 2006; Keiling et
al., 2009) have shown that the vortices with essentially dif-
ferent amplitudes pass through each other without an interac-
tion. So, we can assume that only the number of the vortices
with the same scale is essential in plasma, and the system
of the basic conditions is closed. At different amplitude the
vortices also differ by width, in this case one represents for
another simply quasi classic hole, therefore their merging is
hardly possible, though energy pumping is admitted.

It is known, that the strong turbulence theory traditionally
is built according to the theories of Richardson (1922) and
Kolmogorov (1941), which is based firstly on isotropy and
homogeneity of the turbulent state and secondly somehow on
a forced averaging (Kingsep, 1990). This theory does not in-
clude any proper, even very important solutions of the initial
nonlinear dynamical equations. Contrary to works (Richard-
son, 1922; Kolmogorov, 1941; Iroshnikov, 1963; Kraichnan,
1965), in the model (Aburjania et al., 2009) the turbulence
is supposed to be anisotropic and from the very beginning
a solution of the initial dynamical equations is built in the
form of a stationary strongly localized two dimensional vor-
tices with fully definite scales, amplitudes and the velocities.
Further, on the basis of these vortices, as on the turbulent per-
turbations’ carriers, the model of the strong turbulence is de-
veloped. But, as well as in the mentioned works, we suppose
too the turbulent motion energy density W to be constant for
the different spectral range — energy of the large scale pulsa-
tions will be transferred to the small scale ones so that energy
dissipation does not happen in this region.

A very important theory of anisotropic magnetohydrody-
namic (MHD) turbulence was proposed by Goldreich and
Sridhar (1995). They supposed that MHD turbulence is
strongly anisotropic due to the external magnetic field so
that the turbulent transport structures (in our case: the vor-
tices) are elongated in its direction. Correspondingly, they
supposed that the energy transfer time to smallscales within
the system t is of the order of the nonlinear time or eddy
turnover time . The Goldreich-Sridhar picture, however,
does not fully agree with numerical simulations (Birn, 2004).
From these works it is clear that it is not necessary that these
two times to be equal, as was supposed by Goldreich-Sridhar.
The equality of the ratio x = ty/TnL tO Unity seems to be
very restrictive and does not correspond to some of the results
stemming from direct numerical simulations where x can be
smaller than unity, as observed by Miller et al. (2003). We
as well as other authors (for example, Galtier et al., 2005),
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suppose x to be a constant for all scales but not necessar-
ily equal to unity (the critical balance condition). Solar wind
(Matthaeus et al., 1994) and magnetosheath data (Alexan-
drova, 2008), where x seems to be smaller than unity, sup-
port the validity of our assumptions.

When the energy flux unit volume Wp is considered to
be constant and its transfer rate — scale independent, from
the initial equations (Aburjania et al., 2009), the following
relation obtains:

PRYE

ki~ ~575. @)
B

where k| =27/l , k)| = 2 /1) are the so called "wave vec-

tor analogues” of the vortex perpendicular and parallel linear

scales, Bo- mean magnetic field.

This relation shows that the considered turbulence is in-
trinsically anisotropic. These scaling have been confirmed by
numerical simulation of electron MHD (EMHD) turbulence
(Cho and Lazarian, 2004). It is obvious that turbulence de-
velops more freely in background magnetic field direction.
The size of anisotropy and the strength of the expressed or-
thogonal spreading of turbulence change in accordance with
that of the magnetic field induction. So, the magnetic field
induces the anisotropies of compressible MHD turbulence.
Anisotropy increase with the scale decrease was predicted
for Alfvenic motion by Goldreich and Sidhar (1995) and con-
firmed numerically for compressible MHD in Cho and Lazar-
ian (2004).

Analogously, when the energy flux unit volume Wp is con-
sidered to be constant and it is transfer rate scale indepen-
dent, using the density scaling -p;, ~ (11)~3*, where P, 1S
a perturbation of the medium density, /; ~ Ay ~ p;-ion Lar-
mur Radius, and the following relation is obtained:

By, ~ 1231, )

Thus, a medium compressibility significantly influences
the spatial spectra of the turbulence.

The relation obtained above determines the energy spectra
E (k) of the strong vortex turbulence as a function of the
transversal “wave vector” k; similar to the work (Alexan-
drova, 2008).

2
Ek BIL —7/3+2u
(k1) ~ N ~k, . 3)

In incompressible plasma limit (« = 0), this phenomenol-
ogy predicts a k~//% spectrum. Such a spectrum has been
observed both in direct numerical simulations of an incom-
pressible EMHD turbulent system (Biskamp et al., 1999) and
in the EMHD limit of the incompressible Hall MHD shell
model (Galtier and Buchlin, 2007). In the case of isotropic
compressions toward smaller scales (i« = 1), which can take
place in interstellar medium, the spectrum is E (k) ~ k~1/3.
If isotropic compression is going on toward large scales
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(u = —1), the spectrum will be E (k) ~ k—13/3, which was
confirmed by the numerical calculations for the conditions
of the solar wind (Alexandrova, 2008). Recently, new energy
spectra of turbulence E (k) ~ k~8/3 were found by the Clus-
ter mission in the magnetosheath (Sahraoui et al., 2004), in
the foreshock-region (Narita et al., 2007), and in the solar
wind (Howes et al., 2008) correspond to a value of plasma
compressibility degree u = —1/6. Generally, the value of u
for a certain medium has to be determined by appropriate ob-
servations and measurements or on the basis of correspond-
ing numerical modeling.

3 Experimental detection of the space vortices as
elements of strong vortex turbulence

The isolated magnetospheric substorm starts with a growth
phase when a southward interplanetary magnetic field (IMF)
merges with the Earth’s dayside magnetic field and transfers
energy from the solar wind to the magnetosphere. This en-
ergy is transported to the tail lobe magnetic field where it
is stored and eventually released by reconnection (expansion
phase) in the near-Earth magnetotail causing the strong shear
of the plasma flow velocity. Velocity shear instability leads
to formation of the strongly localized vortex structures in the
plasma medium. The THEMIS (The Time History of Events
and Macroscale Interactions during Substorms) mission has
detected vortices in the magnetotail in association with the
strong velocity shear of a substorm plasma flow (Keiling et
al., 2009), which have conjugate vortices in the ionosphere
(see Fig. 1). THEMIS mission is the fifth NASA Medium-
class Explorer (MIDEX), launched on 17 February 2007 to
determine the trigger and large-scale evolution of substorms.
The mission employs five identical micro-satellites (hereafter
termed “probes™) which line up along the Earth’s magneto-
tail to track the motion of particles, plasma and waves from
one point to another and for the first time resolve space—
time ambiguities in key regions of the magnetosphere on a
global scale (Angelopoulos, 2008; McFadden et al., 2008).
The probes are equipped with comprehensive in-situ particles
and fields instruments that measure the thermal and super-
thermal ions and electrons, and electromagnetic fields from
DC to beyond the electron cyclotron frequency in the regions
of interest.

On 19 February 2008 the substorm occurred at approxi-
mately 05:25UT observed from THEMIS satellite mission
(Keiling et al., 2009). The four THEMIS spacecraft (TH-
A, TH-B, TH-C, TH-D) were located in the nightside mag-
netosphere inside the plasma sheet and close to the neutral
sheet monitoring in situ the conjugate space vortices. TH-A,
D, and E were closely clustered which were separated in a
triangular-like constellation (1-2 RE (radius of the Earth)),
allowing an unambiguous identification of a counterclock-
wise flow. The associated clockwise vortex was tentatively
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Figure 1. Plasma flow velocity components (blue — Vy, green -V,
red—V;) of TH-A, C, D, and E in GSM coordinates after smoothing
with moving average method.

inferred from the single spacecraft located further west (see
Fig. 1; Keiling et al., 2009).

The THEMIS mission measured both the magnetic field
and plasma flow velocity fluctuations. As far as the changes
in the magnetic field are sharp and the vortex structures are
difficult to analyze, in this paper only the data of the plasma
flow velocity components will be referred. The event was
better catch by the TH-C spacecraft, so in further analysis
data only from this one should be used.

The substorm onset caused strong fluctuations of the
plasma flow velocity. This sharp change of the field param-
eters was detected by all of the spacecrafts (Keiling et al.,
2009). The flows of the clustered spacecraft (TH-A, D, and
E) show characteristics of a counterclockwise vortex while
the spacecraft TH-C detected clockwise rotational field (see
Figs. 1, 4).

Figure 1 shows plasma flow velocity components. It is ob-
vious that the main vortex is accompanied with the smaller
but essential peaks. They are suggested to be the vortex
chain or the secondary vortices generated by the first main
ones. The idea was that the substorm associated reconnec-
tion, which is a strong source of plasma velocity shear — BBF,
generates more than one vortex at interaction with the solar
wind plasma — a main vortex with the small amplitude satel-
lite vortices, which generate the vortex chain in flow.

Based on dataset, analyzed in Keiling et al. (2009), after
providing the hodograms of the TH-C data of the plasma
flow velocity components, (Fig. 2) several structures (at least,
six structures, having rotational sense of motion) are indeed
revealed. But this method is not enough to distinguish the
nature of these structures. For further analysis vorticity of
the plasma flow was estimated also. Vorticity in the mag-
netosphere is of importance because it has been associated
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Figure 2. Hodograms of the plasma flow velocities corresponding
to the TH-C data.

with field-aligned current (FAC) systems flowing during sub-
storms. For this purpose, we seek for the minimal conditions,
which give us possibility of determination of the flow vortic-
ity by means of spacecraft measurements. In a steady state,
vorticity is conserved along the field lines, in which case one
might infer much about the ionospheric vortex from magne-
tospheric vortex observations. For investigation of the iono-
spheric vortices, information about their vorticity is given by
the magnetospheric ones. For this purpose, vorticity is esti-
mated using the flow velocity components for different satel-
lites, linear approximation of which is possible to describe
by taking into account the satellite position coordinates and
the flow velocity components. Such calculations give a first
approximation of the vorticity characteristics.

In a linear approximation for the derivatives of the velocity
the following coupled set of equations is given:

aV. avV,

Vi, = Voo + —dxjo — —dyjo, 4
dx ay
aVy aV,

Vy, = Vyo + —dxio — —dyio, (®)
ax ay

where i = A, B, D is used to represent the closely clustered
satellites; index O represent the satellite, according to which
the calculations are made. Solving the set of equations, we
get z component of the flow vorticity

Loy, v,
T ax ay

(6)

The vorticity estimated this way is given in Fig. 3. Also, by
means of this method plasma compression divV may be cal-
culated. As it is obvious from the Fig. 3, the vorticity is differ-
ent from zero, but it also has the strong peaks near the event.
This figure shows the existence of the vortex chain in flow.
The vorticity was also calculated for the regions with strong
peaks separately, corresponding to each structure, revealed
by the hodogram analysis. As far as the vorticity changes the
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Figure 3. The vorticity of the plasma flow calculated using TH-A,
D, E satellites.
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Figure 4. Vector plots of the flow velocity components (projected
onto the GSM X-Y plane). Data from TH-C.

sign fast, one can assume that the structures, revealed in the
experimental data, represent the vortices of different nature
(monopole, dipole).

Figure 5 shows the total power spectrum density (PSD) of
the magnetic fluctuations (Alexandrova, 2008). The power
spectral density of the magnetic field components is calcu-
lated using the Morlet wavelet transform. One can see that
the high frequency part of the spectrum follows a well de-
fined power law k—1%/3 .

4  Numerical simulation

The strong turbulence model represents a system of nonlin-
ear partial differential equations with inhomogeneous coef-
ficients and vector Jacobean type nonlinearity (Aburjania et
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Figure 5. Spectral properties of magnetic fluctuations of a substorm
event between 05:00 and 06:00 UT on 19 February 2008.

al., 2002, 2009). The complexity of the numerical analysis of
this system is caused by nonlinear terms. The perturbations,
obtained by the finite difference schemes for the reduced di-
mensionless quantities v, & in some time interval (Aburja-
nia et al., 2006) will be self organized into vortex structures,
which coincide with analytical ones for such flows. This in-
dicates that the solutions obtained at numerical simulation
in finite time interval contain also the stationary structures,
which together with energetic estimations simplifies an esti-
mation of simulation accuracy.

The initial and boundary value problem for time depen-
dent dimensionless equation was solved numerically by us-
ing an implicit finite difference scheme described in (Abur-
jania et al., 2011). The computations were carried out on a
200 x 200 mesh in the x and y coordinates. The correctness
of the computations and the stability of the scheme were con-
trolled by solving model problems and also by checking the
conservation of the mass of the structure and perturbation en-
ergy. The mass and energy were conserved with an accuracy
of no worse than 10~2.

Figure 6 represents evolution of initial monopole and ran-
dom perturbations of the plasma flow, localized in a circle
of radius 0.2 and magnetic field in a Gaussian inhomoge-
neous flows, where Vo(y) = Vi, exp(—y?/L32), where L, is
transversal scale of the flow L, = (2—3)R. Interaction of the
localized disturbances with the background flow forms the
vortex chain, the size of which depends on amplitude and dis-
tribution of the background flow. As it is obvious, the back-
ground inhomogeneous flow can form the vortex chain; such
structures are observed in the experiments. It is clear, that the
isolated chain will not occur. It depends on the initial distri-
bution of perturbations and on the structure of BBF. Hence,
their spatial distribution depends on BBF width in the mag-
netotail. As the numerical simulations show, the large scale
vortex structures interact with each other and BBF, which de-
fines their dynamics and life length. The size of the structures
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Figure 6. Evolution of localized randome disturbances of the stream
function ¢ and the magnetic induction 4 in time r = 3.

are dependent on the characteristics of BBF, its profile, am-
plitude and inhomogeneity and as far as the form of the BBF
is dependent on solar wind dynamics, generated structures
are defined by the solar wind and magnetic field interaction.
Numerical analysis shows, that chain generation changes as
the characteristics of the flow also magnetic field parame-
ters. So, generated magnetic field perturbations depend on
the structures generated in the flow and it is clear from Fig. 6,
that, the structures will also be generated when the initial
magnetic perturbation is zero. The structure is more com-
plicated, which is in good agreement with experimental data
(Keiling et al., 2009).

It is also very interesting to estimate a PSD) of analytical
stationary dipole solution (Aburjania et al., 2009). The vor-
tex structures form energetic spectra and participate in BBF
flow energy balance. In this case we simulated a scenario of
amagnetic probe moving along the x axis with a constant ve-
locity and a distance of closest approach to the vortex axis x.
The Fig. 7 shows the power spectral densities (PSD) of these
signals calculated via the Morlet Wavelet Transforms. The
power spectra of dipole have a knee around the wave vector
k =1, corresponding to a radius a = 0.83. The dipolar vor-
tex spectrum on this case follows power law k5.

Note that these spectra are not completely independent
of the trajectory of the virtual probe through the vortices.
Along some particular trajectories, the magnetic field com-
ponents are equal to zero and then the spectrum vanishes.
These trajectories are vortex separatrices. Actually, the prob-
ability that the satellite crosses the vortex along a separatrix
is small and the spectra of Fig. 7 can be considered as quasi-
universal. The vortex spectra presented above can partially
explain the magnetic spectrum presented in Fig. 5. Dipole
vortex model reproduces the spectral knee, it appears to be
around k = a~1. The rather steep power laws of the dipole
structures can explain the important steepening of the spec-
trum.

5 Conclusions and discussions

In this work, we investigated collective processes in mag-
netized plasma, caused by nonlinear regular structures. It is
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Figure 7. Dipolar vortex and corresponding PSD, describing the
characteristics of this dipole: vortex radius (a), distance between
the vortices (/) and power low (P): @ =0.83,/ =0, P = —6. Black
line on the left figure is the vortex separatrix.

shown that in space plasmas, the electromagnetic vortices are
significantly elongated in the direction of the mean magnetic
field, which well correlates with satellite observation data.
These electromagnetic small-scale vortex structures, carry-
ing trapped particles and spreading in plasma, generate the
strong turbulence having granular character. Turbulence is
represented by a gaseous ensemble of N strongly localized,
weakly interacting identical vortices forming the background
state. Turbulence excites appreciable fluctuations of density,
velocity, magnetic and electric fields and intensifies the trans-
fer processes. Thus, the width of a strong vortical turbu-
lence spectrum is much larger than the value predicted by the
weak turbulence theory. The turbulence develops more effec-
tively in transverse direction to the local magnetic field. This
anisotropy is essentially as strong as this magnetic field. This
theory is in good agreement with experimental observations.

We have studied the experimental data from THEMIS mis-
sion on 19 February 2008, related to substorm event and re-
vealed the localized electromagnetic vortex structures, form-
ing the strong turbulent state in the plasma media. The sub-
storm on 19 February 2008 developed a substorm surge
that propagated poleward, westward, and eastward which is
typical for substorms. Four THEMIS spacecraft monitored
in situ the conjugate space vortices. One space vortex en-
gulfed the three clustered spacecraft, which were separated
in a triangular-like constellation (1-2 RE), allowing an un-
ambiguous identification of a counterclockwise flow. The as-
sociated clockwise vortex was tentatively inferred from the
single spacecraft located further west. By the experimental
data treatment we revealed several smaller vortices with the
main one, associated with the substorm onset. Further anal-
ysis has shown that the rotational senses of these smaller
space vortices were consistent with the main ones (Fig. 3).
This fact was also verified by the numerical simulation in
Sect. 4. 3-D modeling (Birn et al., 2004) and observations
(Keika et al., 2009; Keiling et al., 2009; Panov et al., 2010)
have revealed that the possibility for a plasma to move in
the azimuthal direction allows vortex formation. The earth-
ward and tailward flow bursts form vortices with opposite
sense of rotation. Figure 5 shows formation of the vortices
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Table 1. Characteristics of the vortex structures.

TH-C 1 (70) Structure 2 (70) Structure 3 (70) Structure 4 (65) Structure 5 (80) Structure 6 (50) Structure
Time Scale 210s 210s 210s 195s 240s 150s

Average velocity 148 kms—1 47.4kms—1 12kms—1 33kms—1 36kms—1 7kms—1

Size 31080 km 9870 km 2520 km 6435 km 8640 km 1050 km

during the earthward flow bursts. The tailward-directed flow
burst forces vortex chain formation on the two sides of the
BBF funnel similar to “von Karman street” (see Fig. 6) with
change their sense of rotation. Indeed, numerical 2-D MHD
simulations revealed presence of both configurations during
the oscillatory BBF braking (see Figs. 6 and 7). Therefore,
the results of this analysis are important for understanding of
the magnetosphere — ionosphere coupling phenomena.

The substorm on 19 February 2008 developed a sub-
storm surge that propagated poleward, westward, and east-
ward which is typical for substorms (Akasofu, 1976). Four
THEMIS spacecraft monitored in situ the conjugate space
vortices. One space vortex engulfed the three clustered
spacecraft, which were separated in a triangular-like constel-
lation (1-2 RE), allowing an unambiguous identification of a
counterclockwise flow. The associated clockwise vortex was
tentatively inferred from the single spacecraft located fur-
ther west. The experimental data treatment revealed several
smaller vortices with the main one, associated with the sub-
storm onset. Further analysis has shown that the rotational
senses of these smaller space vortices were consistent with
the main ones. Their characteristic sizes and time scales are
also estimated for all the spacecrafts, but only for TH-C is
given in Table 1.

Regarding the mapping of a flow vortex from the mag-
netosphere to the ionosphere, Borovsky and Bonnell (2001)
showed theoretically that the ionospheric footprint of a pos-
itive (downward current) vortex is larger than the mapped
footprint of the corresponding magnetospheric vortex be-
cause of a spreading of the associated electric potential from
high to low altitude. Hence, the larger EIC vortex (600—
800 km) versus the smaller mapped footprint (180 km) could
be explained by this spreading and/or because the THEMIS
spacecraft did not enclose the entire space vortex (Keiling et
al., 2009). Assuming conservation of angular speed, the flow
speed of 300-900 km s~ corresponds to 4-12kms~1 in the
ionosphere. However, this assumption is most likely not valid
because of ionospheric drag, and thus the mapped speeds
should only be considered as an upper limit. Additional anal-
ysis of the ionospheric experimental satellite and ground-
based data is necessary for magnetosphere-ionosphere cou-
pling processes in a separate study.
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