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We studied the ULF wave packet propagation in the Earth plasma sheet making use of the magnetic �eld mea-
surements from FGM detector and plasma properties from CORRAL detector aboard the Interball-Tail spacecraft.
The MHD vortex structures were observed simultaneously with the Pc5 ULF waves. The vortex spatial scale was
found to be about 1200�3600 km and the velocity is 4�16 km/s transverse to the background magnetic �eld. We
studied numerically the dynamics of the initial vortex perturbations in the plasma system with parameters observed
in the Earth plasma sheet. The system with the vector nonlinearity was processed making use of the full reduction
scheme. The good agreement of the experimental value of the vortex structure velocity with numerical results was
obtained. The velocity was found to be close to the local plasma drift velocity.
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introduction

Vortex structures are common in the near-Earth
space. The large scale (much greater than ion gy-
roradius) MHD vortices were detected in the Earth
plasma sheet and magnetosphere tail by ISEE-1,2
[7, 11, 12, 13, 20], by THEMIS [14, 21], by Clus-
ter [25] in the low-latitude boundary layers by GEO-
TAIL [9], and in the magnetospheres of Saturn on the
basis of Cassini observations [16]. Those results were
interpreted as an evidence for a convective vortex
street induced by the Kelvin-Helmholtz instability as
a nonlinear phase of surface wave growth [5]. Space-
craft measurements showed that the night magne-
tosphere vortex modes are observed very often[11].
Multi-point measurements of vortex structure were
provided in the frame of the ISEE project in 1978
when the vortex plasma motion was registered by
the two closely spaced spacecraft ISEE1 and ISEE2
[12]. The magnetometer and the plasma analyz-
ers aboard spacecraft allowed to obtain the three-
dimensional structure of the magnetic �eld pertur-
bations and the plasma �ow velocity with high time
resolution. During 19 months of ISEE1 and ISEE2
observations 169 vortex events were detected [12].
Vortices were observed mainly in the morning sector
(YGSM < 0). The magnetic �eld and the plasma �ow
velocity vector rotated in phase. In a single struc-
ture a complete rotation of magnetic �eld and ve-
locity vector had the period of 5-20 minutes. There

was no clear correlation between the period of rota-
tion and the distance from the magnetopause. The
lifetime was usually found to be several full rota-
tions. The events were observed almost identically
aboard ISEE1 and ISEE2, which had spatial sepa-
ration more than 1000 km, i. e. several ion Larmor
radii. Making use of the magnetic �eld vector rota-
tion phase di�erence aboard ISEE1 and ISEE2 the
spatial scale of vortex structures was estimated to
be 1�10RE , and the phase velocity about 100 km/s.
On the other hand, a much smaller spatial scale of
the structure (about 5000 km) from the anisotropy of
energetic particle �ux was obtained in [20]. In [20] it
was shown that the analysis of the phase shift yields
only the upper limit value of the spatial scale and in
general the results from the magnetic �eld were con-
sistent with results obtained from particle �ux anal-
ysis. The spatial scale can vary from 5000 km for the
inner magnetosphere up to 7�20RE in the distant
tail [11]. Near the magnetopause vortices move tail-
ward with velocity about 100�300 km/s that is close
to the magnetosheath plasma �ow velocity. This sug-
gests the generation of these structures by boundary
instability, such as Kelvin-Helmholtz instability con-
�rmed by numerical simulations [10]. The magne-
topause surface instabilities cannot explain genera-
tion of vortex in the inner magnetosphere especially
with small scale (about Larmor radius). The scale
sizes of the two vortices observed during moderate
geomagnetic activity at the outer radiation belt and
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the ring current region by the Cluster �eet are about
800 km and 1100 km, respectively [25]. Alternative
for generation of vortex structures is the MHD insta-
bilities carried out by geomagnetic activity. Vortex
events often were found to be accompanied by low-
frequency geomagnetic activity [11]. Association of
the Pc5 waves, which widely occur in the Earth mag-
netosphere [2, 3, 4, 5] with large-scale plasma mo-
tions were studied making use of the GEOTAIL mea-
surements [17] and the Interball-Tail measurements
in the plasma sheet (XGSE > −15RE) and show sta-
tistically the evidence of this connection [1, 22, 23].
In [14] the full scenario of the magnetosphere vortex
generation and coupling with ionosphere processes is
presented on the basis of combined ground (Cana-
dian magnetometer array) and space observations
(THEMIS spacecraft).

In this paper we perform the case study of the vor-
tex structure observed aboard Interball-Tail space-
craft simultaneously with large amplitude ULF wave
packet in the Earth plasma sheet. Also the technique
developed for automatic detection vortex like struc-
tures in data is presented. The observed properties
of vortex structure are compared with results of nu-
merical simulation.

data description

and processing technique

To study the variations of the magnetic �eld
and plasma velocity �ow we apply the correla-
tion spectral analysis of vector variables in a form
presented in [18]. For the vector variables two
types of the correlation functions and correspond-
ing Fourier spectra are provided � the vector and
the scalar, which are de�ned as the following: for
two vector variables x(t) = {x1, x2, x3} and y(t) =
{y1, y2, y3} the mutual scalar spectrum is de�ned as
the scalar product of their components Fourier spec-

tra SCS(f) =

(
2

N

)
(X∗(f),Y(f)), where vectors

X(t) = {X1, X2, X3} and Y(t) = {Y1, Y2, Y3} are
complex in general, dependent on frequency. X(f)
and Y(f) are the Fourier transformation of x(t)
and y(t), respectively. The complex conjugation
is marked with asterisk, N is the number of mea-
surements. Vector mutual spectrum for variables x

and y is de�ned as V CS(f) =

(
2

N

)
[X∗(f),Y(f)].

V CS(f) is also the three dimensional vector vari-
able. By analogy the scalar and vector auto-spectra
are de�ned. The scalar auto-spectrum is the module
of vector X(f) and it is real and positive. This value
contains the full spectral power including longitudi-
nal, angular and rotational oscillations. Vector auto-

spectrum is V S(f) =

(
2

N

)
[X∗(f),X(f)] is three-

dimensional and imaginary. The magnitude of the
vector V S(f) includes only the rotation (elliptically
polarized variations) of x. Linearly polarized oscil-
lations, as well as angular oscillations do not con-
tribute to the V S(f). To determine the time inter-
vals of vortex activity we study the scalar and vector
auto-spectrum of the magnetic �eld and plasma �ow
velocity variations. In the presented paper we detect
the vortex structures using the ratio V S(f)/|X(f)|.
This ratio is less than unity and determines contribu-
tion of the rotational oscillations to the full spectral
power.

We use for presented study the magnetic �eld
measurements by MIF-M [15] and plasma parame-
ters from the plasma analyzer instrument CORALL
[24]. The Interball-Tail during the intervals of time
considered in this study was in the plasma distant
sheet: distance from the Earth ∼ 20RE and MLT
3:30.

vortex structures

in the plasma sheet

The periodic process with temporal localization
has been detected aboard Interball-Tail on Octo-
ber 23, 1995. Fig. 1 shows the magnetic �eld abso-
lute value dynamics detected aboard Interball-Tail
around the processed time interval. The vector
structure is observed during high amplitude ULF
waves detected both in the magnetic �eld and in the
plasma density perturbations. The magnetic �eld
perturbations have component parallel to the back-
ground magnetic �eld. The magnetic �eld pressure
oscillations are observed with 180◦ phase shift with
plasma pressure perturbations. This is usual for slow
magnetosonic waves [3]. The frequency range and
amplitude temporal behaviour are usual for Ps6 wave
packets observed as a rule in the magnetosphere tail
and associated with substorm onsets [8]. The in-
terval of interest was exactly during intermediate
geomagnetic storm (minimal Dst ∼ −105) recov-
ery phase of substorm event (AE index ∼ 1500nT)
thus the observed magnetic �eld perturbation can be
directly connected to the tail magnetic �led struc-
ture changes. The dynamics of perturbation from
magnetic �eld measurements provided by CANO-
PUS magnetometer stations is shown in Fig. 1. The
real part of wavelet transform (Morlet) indicates well
the localized in time periodic process with frequency
∼ 2mHz. The wave packet propagates Earth-ward
with group velocity about 10 km/s (close to the local
plasma drift velocity) (Fig. 1). The behaviour of the
magnetic �eld perturbations during this time inter-
val is shown in Fig. 3. Time-frequency dependence
of the ratio of V S(f)/|X(f)| for the time interval
8:00-11:00 10/23/96 is shown in Fig. 2. The maxi-
mum at frequency about 2mHz at 9:15�9:35 reaches
0.92. This indicates the existence of rotation of the
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magnetic �eld vector. Vector makes a complete ro-
tation during about 450 seconds, which corresponds
to 2.22mHz.

The spatial orientation of the plane of the mag-
netic �eld and the plasma �ow vectors rotation is
processed by use of the minimum variance analysis
technique for vectors of the plasma velocity and the
magnetic �eld perturbations. For the group of vec-
tors Ai = {xi, yi, zi}, i = 1, N the ratio of the
eigen-values of the correlation matrix Cij is investi-
gated. Elements of Cij are listed below:

C11 =
∑

x2i , C12 =
∑

xiyi, C13 =
∑

xizi,
C21 =

∑
yixi, C22 =

∑
y2i , C23 =

∑
yizi,

C31 =
∑

zixi, C32 =
∑

ziyi, C33 =
∑

z2i .
(1)

One can use the dependence of the eigenvalues
λ1 > λ2 > λ3 ratio to study the existence of some
predominate direction in the processed vector group.
If λ1 � λ2, λ2 and λ3 are of the same order of mag-
nitude than there is the plane, which normal is es-
timated corresponding to the λ3 eigenvector. If λ1
and λ2 are of the same order of magnitude, λ2 � λ3
the vectors in the group are randomly oriented. Ap-
plication of the method of minimum variation to the
processed vortex event determined the orientation
of the plane of the vortex motion with the normal
close to the direction of the background magnetic
�eld. The observed structure can be determined as
the vortex of the Alfvén type [23]. During the regis-
tration of vortex events the Poynting �ux along the
background magnetic �eld increases. The Poynting
�ux is taken in the approximation of ideal MHD [20]:

P = 2ν(B0 · b)−B0(ν · b)− b(ν ·B0), (2)

where ν is the velocity of thermal plasma �ow; B0
and b is the unperturbed and perturbed magnetic
�eld, respectively. The absolute value of the Poynt-
ing vector increases up to 1�2 orders of magnitude
in the vortex structure with predominate direction
along the background magnetic �eld. The trans-
verse velocity of the ULF wave packet for processed
interval was estimated in [1] making use of the co-
ordinated Inteball-Tail and ground based magnetic
�eld measurements from CANOPUS magnetometer
array. The group velocity of the wave packet was
estimated to be 4�16 km/s (close to the plasma drift
velocity). Assuming the velocity of vortex structure
transverse to the background magnetic �eld to be
close to the wave packet group velocity the transverse
dimensions of the vortex structures is estimated to be
about 1200�3600 km, that corresponds to several ion
Larmor radii. It is signi�cantly less than the spatial
scales of vortex structure observed near the magne-
topause [11, 12]. The observed velocity of the vortex
structure is also much less than the usual velocity
of the vortices generated by the Kelvin-Helmholtz
instability, which is of the same order with the ve-
locity of the magnetosheath plasma �ow. Thus the

observed vortex structure is generated not by bound-
ary �ow instabilities and can be considered as the
nonlinear phase of the high amplitude ULF waves.
These structures can be processed as the stable so-
lutions of the non-linear Hasegawa-Mima equation
(with vector non-linearity: see [19] for details) that
can be used as planar approximation of the Earth
plasma sheet system with plasma density inhomo-
geneity transverse to the background magnetic �eld.

For the numerical simulation of vortex structures
we provide the numerical scheme to study the two-
dimensional perturbations dynamics in a frame of
the Hasegawa-Mima equation. The numerical con-
servative scheme proposed in [6] with the Laplace-
like equation solution technique based on full reduc-
tion algorithm (see details in [19]) was applied for nu-
merical solution of this equation. The velocity of the
vortex structure motion from numerical simulation
is close to the local plasma drift velocity that con-
�rms our approximation. The monopole structures
are found to be stable. Slow dissipation is observed
during 4�8 full rotations. The initial conditions in
the form of three single monopole vortices with pos-
itive potential with di�erent transverse size (from 2
to 6 ion Larmor radii) and the same amplitude are
shown in Fig. 4. All the vortices demonstrate stable
behaviour along trace length which is more than 10
times longer than the vortex initial scale.

discussions and conclusions

The technique based on minimum variance anal-
ysis of magnetic �eld perturbation and its scalar and
vector spectrum processing is extended to detect the
vortex-like structures in magnetic �eld data. The
proposed technique is applied to Interball-Tail FGM
data and the case study of vortex like structure prop-
agating Earth-ward in the distant plasma sheath is
presented. The observed event is associated with in-
tense magnetic �eld perturbation during the recovery
phase of the intermediate geomagnetic storm. The
spatial scale of the vortex was found to be about
1200�3600 km (the spatial scale of the ULF packet
was estimated to be about 1�3RE). The vortex po-
larization plane was found to be close to perpendicu-
lar to the background magnetic �eld and signi�cant
increase of the Poynting �ux along the background
magnetic �eld was observed. The vortex velocity
transverse to the background magnetic �eld was of
the same order with the local plasma drift velocity
(about 10 km/s). The observed properties were con-
�rmed by the numerical simulation of Alfvén like vor-
tex in the inhomogeneous plasma: vortex with initial
spatial scale about Larmor radius is stable enough to
cover distance greater than 10 vortex scales, velocity
was found to be about 0.5 of the Vd.
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Fig. 1: The dynamics of Ps6 wave packet from magnetic �eld measurements
provided by CANOPUS magnetometer stations. The real part of wavelet
transform (Morlet) indicates well the localized in time (duration is about 1
hour) periodic process with frequency ∼ 2mHz. The wave packet propagates
Earth-ward with group velocity about 10 km/s (close to the local plasma drift
velocity).
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Fig. 2: The ratio of the modulus of the spectral density
of the vector magnetic �eld perturbation spectrum to the
total spectral density. The arrow indicates the presence
of rotational oscillations.

Fig. 3: Components of the vector magnetic �eld pertur-
bation in the coordinate plane of coordinate system GSE
9:21-9:27UT, 23.10.96.

Fig. 4: The initial conditions in the form of three single monopole vortices
with positive potential. At the beginning vortices have di�erent transverse
size and the same amplitude. After some time, the transverse dimensions of
the vortices are aligned, the amplitudes are di�erent, then they equally slow
decay.
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