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DiscussionsThe mechanism of mid-latitude Pi2 waves in the upper ionosphere
as revealed by combined Doppler and magnetometer observations

V. A. Pilipenko1,2, E. N. Fedorov3, M. Teramoto2, and K. Yumoto4

1Space Research Institute, Moscow, Russian Federation
2Solar-Terrestrial Environment Laboratory, Nagoya University, Japan
3Institute of Physics of the Earth, Moscow, Russian Federation
4International Center for Space Weather Science and Education, Kyushu University, Fukuoka, Japan

Correspondence to:V. A. Pilipenko (pilipenk@augsburg.edu)

Received: 23 November 2012 – Revised: 19 March 2013 – Accepted: 21 March 2013 – Published: 17 April 2013

Abstract. The interpretation of simultaneous ionospheric
Doppler sounding and ground magnetometer observations of
low-latitude Pi2 waves is revised. We compare the theoret-
ical estimates of the ionospheric Doppler velocity for the
same amplitude of the ground magnetic disturbances pro-
duced by a large-scale compressional mode and an Alfvén
mode. The plasma vertical displacement caused by the wave
electric field is shown to be the dominating effect. Taking into
account the correction of the previous paper, the observa-
tions of low-latitude Pi2 in the F layer ionosphere by Doppler
sounding and SuperDARN (Super Dual Auroral Radar Net-
work) radars give consistent results. We suggest that the
Doppler response to Pi2 waves is produced by the Alfvén
wave component, but not the fast-mode component, whereas
the ground magnetic signal is composed from both Alfvén
and fast magnetosonic modes.

Keywords. Magnetospheric physics (MHD waves and in-
stabilities)

1 Introduction: simultaneous Doppler and magnetome-
ter ULF observations

Doppler sounding is one of the few experimental facilities
to detect in situ the interaction of magnetospheric ultra-low-
frequency (ULF) disturbances with the ionosphere. The iono-
spheric response to various periodic and transient distur-
bances in the ULF range Pc5 (Reddy et al., 1994), Pi2 (Alper-
ovich et al., 1991; Menk, 1992; Wright at al., 1997), Pc3–
4 (Sutcliffe and Poole, 1984; Menk et al., 2007), and storm
sudden commencement (SC) (Yumoto et al., 2009) as mea-

sured by the Doppler technique have been reported. These
observations were interpreted by considering either Alfvén
transverse mode or fast compressional mode.

Special attention was devoted to the Doppler studies of
Pi2 pulsations (typical periods∼ 1–2 min). These transient
(duration of∼ a few periods) signals are widely used as a
global wave marker of the substorm onset (e.g., see review
by Keiling and Takahashi, 2011) or bursty/impulsive pro-
cesses in the magnetotail (Shiokawa et al., 1998). Therefore,
a mechanism of Pi2 propagation from the nightside magne-
totail to low-latitude ground stations is important to know.

From observations of the mid-latitude bottom-side F layer
disturbed by Pi2 magnetic pulsations using vertical HF (high-
frequency) soundings, Grant and Cole (1992) found that the
amplitude of the observed Doppler velocity was constant
with height and was predominantly due to the vertical mo-
tion driven by an E–W Pi2 pulsation electric field. On the
other hand, Marshall and Menk (1999) reported that the
Doppler frequency variations caused by low-latitude night-
time Pi2 and irregular Pc4 were proportional to their fre-
quency. This proportionality was interpreted as the indica-
tion that the plasma compression was dominant for the iono-
spheric response to low-latitude Pi2.

Multipoint Doppler sounding at the mid-latitude observa-
tory Budkov (Chum et al., 2009) revealed simultaneously at
several radiopaths Pi2 pulsations, well correlated with ge-
omagnetic signatures. The estimated time/phase shifts be-
tween geomagnetic and Doppler signals changed from case
to case, lag mostly being from 80◦ to 180◦.

Ikeda et al. (2009) analyzed in detail the simultaneous ob-
servations by HF radar and flux-gate magnetometer located
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at the mid-latitude station Paratunka. The detected variations
in the F layer and on the ground revealed high coherence
(> 0.6) for half of the 114 Pi2 events. Among these high-
coherent events, the phase delay between magnetic and iono-
spheric variations at the dominant frequency was 84◦

± 27◦

during the midnight sector (21:00–03:00 LT), but not in other
LT sectors. The ratio between the Doppler velocity and
ground magnetic disturbance did not depend on the Pi2 fre-
quency. They interpreted their observational results as a man-
ifestation of the cavity mode nature of nighttime Pi2 pulsa-
tions at low latitudes.

Commonly, Pi2 pulsations at low latitudes have been in-
terpreted as a signature of the plasmaspheric cavity mode,
formed by fast magnetosonic waves trapped within the night-
time plasmasphere (Yeoman and Orr, 1989). The Earth, de-
spite its relatively small scale as compared with the fast-
mode wavelength, is considered to be a good reflector of
incident waves, resulting in the formation of a resonant
wave cavity within the plasmasphere (Nose, 2010). Numer-
ous ground-satellite studies examined characteristics of Pi2
pulsations in the magnetosphere. Using the equatorial or-
biting AMPTE/CCE satellite, Takahashi et al. (1995) found
that radial and compressional magnetic components of Pi2
pulsations in the magnetosphere atL < 5 had a high coher-
ence with the North–South (N–S) component at the low-
latitude station Kakioka (L = 1.2) on the nightside. Identi-
fying the location of the plasmapause in the electron den-
sity data from the CRRES satellite, Takahashi et al. (2003)
confirmed that magnetospheric compressional Pi2 pulsations
were indeed confined within the plasmapause. According to
the box model of the cavity mode in the plasmasphere (Taka-
hashi et al., 2001), the phase delay between transverse elec-
tric and compressional magnetic components is to be−90◦

near the inner boundary, and this structure was supposed to
be transmitted to the lower ionosphere.

Observations at low-altitude (∼ 800–1000 km) satellites
have also shown that the dominant component of the Pi2
wave structure in the upper ionosphere is the compressional
magnetic component (Sutcliffe and Lühr, 2003; Han et al.,
2004).

However, the dominance of the fast-mode contribution
into the ULF wave structure in the magnetosphere does not
necessarily indicate that the same would be valid inside the
ionosphere. Indeed, upon approaching the Earth, a fast mag-
netosonic wave is to be reflected from a region with high
Alfv én velocities, so it can penetrate through the ionosphere
to the ground as an evanescent mode only.

Moreover, in a realistic inhomogeneous magnetospheric
plasma immersed into curved magnetic field, magnetohydro-
dynamic (MHD) modes are to be coupled, so even a cavity-
like Pi2 wave is to comprise some contribution of Alfvénic
disturbances. Alfv́en waves have no reflection point, so they
can reach the bottom ionosphere directly. Thus, any compre-
hensive theory of Pi2 impact on the ionosphere should in-
clude both Alfv́en and fast compressional modes into con-

sideration. Upon transmission through the ionosphere both
these modes with a large scale in the azimuthal direction pro-
vide a main magnetic response on the ground in the same
N–S component. Thus, ground magnetometer observations
only cannot resolve the physical mechanism of ULF waves.

The basic model for the interpretation of the ionospheric
Doppler effects was developed by Poole et al. (1988) and Sut-
cliffe and Poole (1990) on the basis of numerical solution of
the Alfvén wave transmission through the ionosphere and nu-
merical integration over the radio wave propagation path in
a wave-disturbed ionosphere. However, this numerical model
does not provide an easy-to-use analytical formula for the es-
timate of expected effect under various ionospheric and ULF
wave parameters. Moreover, this model considered an inci-
dent wave an Alfv́en mode only. An analytical model to in-
terpret the deviations of the sounding radio wave frequency
caused by MHD disturbances was proposed by Pilipenko et
al. (2010). In this model, the variations of Doppler velocity
induced by compressional and Alfvén waves were theoreti-
cally estimated on the basis of the thin ionosphere approxi-
mation.

In this paper we consider possible physical mechanisms of
the Doppler response to the magnetospheric Pi2 wave. Here
we present simple analytical relations which describe with
reasonable accuracy the Doppler response to both the com-
pressional and Alfv́en modes. The presented results are the
extension of our previous analytical model, earlier applied to
interpret the simultaneous Doppler and magnetic signatures
during SC (Pilipenko et al., 2010). On the basis of these the-
oretical predictions, we re-examine the interpretation of the
simultaneous ionospheric and magnetic observations at low
latitudes made by Ikeda et al. (2010).

2 Ionospheric Doppler response to magnetospheric
MHD waves

2.1 Basic relationships

For a near-vertical sounding, the frequencyfR deviation of
a radio wave, propagating through the ionospheric plasma
disturbed by ULF wave fields, can be derived via the effective
Doppler velocityV ∗ as follows (Poole et al., 1988):

1fR

fR
= −

2V ∗

c
, V ∗

=
d

dt

ZR∫
0

µdz. (1)

Hereµ(fR,B(z, t),N(z, t)) is the real part of the radio wave
refractive index, andN denotes the electron concentration.
The total magnetic fieldB(z, t) = B0 + B(z, t) is a sum of
the geomagnetic fieldB0 and the disturbanceB, composed
of the transverseB⊥ and field alignedB‖ components. The
geomagnetic fieldB0 = {H,0,Z} is inclined by the angleI
to the ground surface (I > 0 in the Northern Hemisphere).
The angle betweenB0 and the radio wave vector isπ/2− I .
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In the coordinate system chosen the axisx is directed south-
ward,z upward, andy eastward. The integration in Eq. (1) is
to be performed alongz from the bottom of the ionosphere
(z = 0) up to the reflection pointzR (whereµ(zR) = 0) at al-
titudezh = zR + h.

According to Sutcliffe and Poole (1989, 1990), the total
Doppler effectV ∗ can be presented as the sum of several
effects:

V ∗
= V1 + V2 + V3. (2)

The termV1 in Eq. (2), caused by the variations of the refrac-
tive index due to magnetic field fluctuations, is commonly
small as compared with other terms and will not be consid-
ered here.

The term V2 in Eq. (2) is related to the plasma con-
vection with velocityV caused by the wave electric field
E = {Ex,Ey,Ez}. In a highly conductive ionosphere the
field-aligned component of the electric field vanishes:E‖ =

−Ex cosI − EzsinI = 0. The vertical plasma drift velocity
Vz caused by the East–West (E–W) component of the wave
electric fieldEy is as follows:

Vz =
Ey cosI

B0
. (3)

Thus, in the laterally homogeneous ionosphere the wave
electric field produces the Doppler effect

V2 = −
cosI

B0

ZR∫
0

Ey
∂µ

∂z
dz. (4)

The termV3 in Eq. (2) is caused by the plasma compression
produced by the field-aligned magnetic componentB‖:

V3 = −

ZR∫
0

∂µ

∂N
N(∇ ·V )dz =

ZR∫
0

∂µ

∂N

N

B 0

∂B‖

∂t
dz. (5)

For analytical estimates we approximate the vertical profile
of the ionospheric plasmaN(z) below the peak of the F layer
with the exponential function with the scalea, such that

1

N(z)

∂N(z)

∂z
= a−1

= const. (6)

The main contribution into the height-integrated Doppler ef-
fect (Eqs.4 and5) is produced by a relatively small region
near the radio wave reflection altitudez ' zR, so the local
approximation Eq. (6) seems reasonable.

We compare the Doppler velocities caused by different
MHD wave modes for the same magnitude of the ground
magnetic disturbance, corresponding to the N–SH compo-
nent, that is,B(g)

x = −H . In the estimates below we use the
analytical expressions for the reflection and transmission co-
efficients of plane harmonics of MHD waves∝ exp(−iωt +

ikr) (whereω and k are the wave angular frequency and
wave vector) obtained within the thin sheet approximation of
the ionosphere (Alperovich and Fedorov, 2007). This sheet
has the anisotropic height-integrated Pedersen and Hall con-
ductances,6P and6H, and is situated at the altitudeh above
the ground. The plasma of the upper ionosphere is character-
ized by the Alfv́en wave conductance6A related to Alfv́en
velocity VA with 6A = (µ0VA)−1, and by an Alfv́en wave
numberkA = ω/VA (Nishida, 1978).

The wave fieldB above the ionospheric layer is composed
of incidentB(i) and reflectedB(r) waves of partial Alfv́en
and fast compressional modes. The experimentally measur-
able quantity is a total fieldB = B(i)

+B(r); hence, all the re-
lationships below are given for the total field. Using the basic
formulas from Alperovich and Fedorov (2007), which relate
amplitudes of waves incident and reflected from the iono-
sphere, as well as transmitted through the ionosphere to the
ground, the transformation coefficients from incident Alfvén
and fast waves into the magnetic (or transverse-electric TE)
mode in the atmosphere can be derived. The ground re-
sponse, when the conductivity and displacement currents in
the atmosphere are neglected, is due to this mode only. The
ULF field variations in the E–W direction are assumed to be
very large as compared with the N–S direction (ky/kx � 1).
This approximation holds well for low-latitude Pi2 distur-
bances (Sutcliffe and Yumoto, 1991). Simple analytical re-
lationships can be obtained in the asymptotic caseky → 0.
The ground conductivity is assumed to be high, i.e.kδg � 1,
whereδg is the skin depth in the ground.

The effective tool for the discrimination of ULF modes
interacting with the system magnetosphere–thin-ionosphere–
atmosphere–ground is the apparent admittance

X =
B(g)

µoE
X[S] ' 0.8

B(g)
[nT]

E[mVm−1]
(7)

whereB(g) and E are relevant ground magnetic and iono-
spheric electric fields andµo is the magnetic constant. Below
we will demonstrate that the admittances of different MHD
modes are very different.

2.2 Fast compressional mode

Azimuthally large-scale fast mode, or fast magnetosonic
(FMS) mode, is described by the dispersion relationship
kA(z)2

= k2
x +k2

z . In a non-propagating regime, whenk2
x < 0,

a low-frequency compressional mode cannot reach directly
the E layer, and it reflects at some height above the iono-
sphere. So, in the ionosphere this mode happens to be in a
tunneling (evanescent) regime.

For the large-scale wave structure (kh � 1, kz � 1), mag-
netic components do not vary noticeably along the altitude.
The relationship between the compressional wave and its
ground response is (Pilipenko et al., 2010)

B‖

B
(g)
x

= −(1− ip)cosI,
B⊥

B
(g)
x

= −(1− ip)sinI. (8)
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Here we have introduced the coefficientp = ωµ06̃Ch char-
acterizing the transparency of the ionosphere to an inci-
dent compressional mode. The Cowling-like combination
of height-integrated conductivities is6C = 6P+ 62

H/6P

(Schunk and Nagy, 2009), whereas6̃C = 6P+ 62
H/(6P+

6A |sinI |) is the modified Cowling conductance. At dayside,
where6P � 6A , the difference between them is insignifi-
cant,6̃C ' 6C.

During daytime, when|p| ' 1, the ionosphere partly ab-
sorbs the downgoing fast mode. At nightside, when|p| � 1,
the fast mode practically does not “feel” the ionosphere.

In contrast to magnetic components, the wave electric field
E(z) does vary essentially with altitude. Below F layer peak
and for the nighttime conditions (|p| � 1) the azimuthal
electric field of fast modeEy(z) is related to the ground mag-
netic response as

Ey(z) = −iωzhB
(g)
x . (9)

A simple analytical estimate ofV2 can be obtained taking
into account that the integrand in Eq. (4) decays fast away
from the reflection point; hence the integral value is deter-
mined by the integrand behavior in the vicinity of the reflec-
tion point. Using this approximation, Pilipenko et al. (2010)
obtained

V2 = −iωzh
cosI

B0
B

(g)
x . (10)

This relationship predicts that for quasi-periodic disturbance
∝ exp(−iωt) the variations of Doppler velocity and mag-
netic field above a perfectly conductive ground are to be in-
quadrature (−90◦ phase shift).

The apparent admittance of the multi-layer
magnetosphere–ionosphere–atmosphere–ground system
to a fast mode is to be

X(F)
=

B
(g)
x

µ0Ey
= −(iωµ0zh)

−1. (11)

The absolute value of the fast-mode admittance can
be estimated from approximate relation|X(F)

|[S] '

127T [s]/zh [km].
The simple analytical estimate of the plasma compression

mechanismV3 can be obtained in a similar way. However,
the contribution ofV3 mechanism as compared toV2 turns
out to be small:|V3/V2| ' a/zR.

2.3 Alfvén mode

Alfv én shear waves are MHD waves carrying oscillatory
field-aligned electric current along magnetic field lines with-
out geometric attenuation. These waves have no turning
point and can easily reach the lower ionosphere. For the
Alfv én wave with infinitely long azimuthal scale (ky → 0),
the Doppler effect caused by the vertical electric drift van-
ishes asEy → 0. However, an incident Alfv́en wave upon

the interaction with an anisotropically conductive E layer in-
duces a non-propagating (evanescent) compressional mode
with componentsB‖ andEy. The Doppler velocityV2 to an
incident Alfvén wave was estimated (Pilipenko et al., 2010)
as

V2 ' −iω
sinh|kxh|

|kx|

cosI

B0
J (S)B

(g)
x . (12)

The integral J (S) = −

ZR∫
0

∂zµexp(−|kx|z)dz has the fol-

lowing asymptotic behavior, depending on parameterS =

|kx|zR:

J (S) =

{
1− (2/3)S + . . . (S � 1)
1

2S
(1+

1

2S
+ . . .) (S � 1).

For a latitudinally large-scale disturbance,kxh < 1, kxzR <

1, the relationship (12) simplifies to the following:

V2 ' −iωh
cosI

B0
B

(g)
x . (13)

The order-of-magnitude estimate (Pilipenko et al., 2010) of
the ratio between theV3 and V2 disturbances owing to a
transformed evanescent compressional mode produced by
Alfv én wave is as follows:
|V3|

|V2|
=

|kx|a

cosI
.

From this estimate it follows that a main contribution into
the Doppler response to a latitudinally large-scale Alfvén
wave, |kx|a � 1, is determined by theV2 mechanism, that
is, |V3|/|V2| � 1.

In a realistic situation an incident magnetospheric wave
has a finite scale in the azimuthal direction. Indeed, ground
observations showed that typical azimuthal wave number
of Pi2 pulsations at mid-latitudes ism ' 3 (Yumoto et al.,
2001). A small, but finite,ky = m/LRE (whereL is the di-
mensionless distance from the Earth’s surface to the top of
a field line andRE is the Earth’s radius) value results in
the occurrence of non-vanishingEy component in the in-
cident Alfvén wave. A simple estimate of this component
magnitude can be derived from the following considera-
tion. Because in the Alfv́en waveB‖ = 0, it follows that
∂xEy − ikyEx ' ∇ ×E|‖ = 0, whereEx is the radial com-
ponent transverse toB0. If the wave has a standing-mode
structure in the radial direction with scaleax (a−1

x = ∂ lnEy),
thenEy ' i(kyax)Ex. For a mode propagating in a radial di-
rection,Ey ' −(ky/kx)Ex.

The main Alfv́en wave componentEx is related to
the ground magnetic response by the relationEx =

B
(g)
x sinI/µ06H (Pilipenko et al., 2012). From this rela-

tionship it follows that the effective admittance of the sys-
tem magnetosphere–thin-ionosphere–atmosphere–ground to
Alfv én mode is to be

X(A)
=

B
(g)
x

µoEx
=

6H

sinI
. (14)
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The Doppler response to theEy component of the incident
Alfv én wave withky 6= 0 can be estimated, under the same
assumptions as Eq. (13), if one substitutes

Ey = i(kyax)sinIB
(g)
x /µ06H (15)

into Eq. (3) as follows:

V2 = i
kyax sin2I

2µ06HB0
B

(g)
x . (16)

The radar and ground magnetic observations showed that the
coherency scale in the latitudinal direction at low latitudes
is large:> 103 km. Therefore, it may be assumed thatax '

1.2× 103 km. For L ' 3 andm = 3, the factorkyax ' 0.2.
The comparison ofV2 caused by Alfv́en waves withky = 0
(Eq. 13) and withky 6= 0 (Eq. 16) shows that in the night-
time ionosphereV2(ky 6= 0) � V2(ky = 0) (for the parame-
ters considered the first value is nearly 2 orders of magnitude
larger than the second one).

3 Analysis of synchronous ionospheric and magnetic
observations

We consider the results of simultaneous observations of co-
herent Doppler and magnetometer Pi2 signatures at the sta-
tion Paratunka (PTK) with geographic coordinates 52.94◦,
158.25◦, LT = UT + 10.5 h. Altitude of the sounding radio
wave reflectionzh ∼ 300 km. According to the IGRF model
(http://omniweb.gsfc.nasa.gov/vitmo), for the period of ob-
servations the geomagnetic latitude8 = 46.5◦, L = 2.2, and
geomagnetic field atzh = 300 km isBo = 44800 nT,H =

18800 nT,Z = 40700 nT, and declinationD = −5◦. Mag-
netic field inclination isI = 65◦. The ionospheric parameters
for the period of observations according to the IRI model are
6H ∼ 0.2 S. Details of the observational system and exam-
ples of recorded events can be found in Yumoto et al. (2009)
and Ikeda et al. (2010).

To estimate Pi2 E–W electric field, Ikeda et al. (2010)
used the relationshipEy = VzH , whereH is the geomag-
netic field projection on the ground. BecauseH = Bo cosI ,
and Z = Bo sinI , they actually used the relationshipEy =

VzBo cosI . However, the correct relationship (Eq.3) is Ey =

VzBo/cosI . For typical V ∗
= 15.1 m s−1, H = 18800 nT,

and cosI ' 0.4, they obtainedEy ' 0.28 mV m−1. At the
same time, the correct Eq. (3) for the sameVz = V ∗ gives
Ey ' 1.7 mV m−1. The latter value is compatible with typi-
cal E field amplitudes of Pi2 signals,∼ 2 mV m−1, detected
by SuperDARN (Super Dual Auroral Radar Network) radars
(Gjerloev et al., 2007; Teramoto et al., 2012).

For the correct value ofEy ' 1.7 mV m−1 and correspond-

ing B
(g)
x ' 3.6 nT, the effective admittance of low-latitude

Pi2 wave withω = 0.06 s−1 is X ' 1.7 S. This value is much
less than the expected admittance of the fast mode,X �

X(F). Indeed, forT = 100 s andzh = 300 km, the apparent

Table 1.Mid-latitude (8 ∼ 50◦) Pi2 observations.

Doppler SuperDARN A-model FMS-model

V [m s−1] 15 90
E [mV m−1] 1.7 4
B [nT] 3.6 5
X [S] 1.7 1.0 0.2 40

impedance for a fast mode should be|X(F)
| ' 42 S, that is,

nearly 20 times bigger than the observed one. The typical
peak-to-peak amplitudes of the Doppler velocity (Ikeda et
al., 2010), SuperDARN line-of-sight velocity (Gjerloev et
al., 2007) , ground magnetic pulsations, derived wave admit-
tance, and theoretically predicted admittances for Alfvén and
FMS modes for6H = 0.2 S andI = 65◦ are summarized in
Table 1.

At the same time, if we assume that the contribution of
an Alfvén mode into the ground magnetic signal is∼ 50 %
only, that is,∼ 2 nT, this value is sufficient to induce in the
nighttime ionosphere with6H ' 0.2 S the electric field dis-
turbanceEy ' 1.4 mV m−1. This estimate following from
Eq. (15) indicates that the Doppler response in the ionosphere
is produced by the Alfv́en wave component, but not the fast-
mode component.

We suppose that the concept of Pi2 cavity mode mecha-
nism should be augmented by some important aspect. A fast
mode trapped in the plasmasphere between the plasmapause
and upper ionosphere is coupled, owing to the plasma/field
inhomogeneity with Alfv́en mode. This suggestion is in con-
formity with the results of the gradient method analysis of
mid-latitude Pi2, which has revealed the occurrence of weak
resonance effects in the pulsation latitudinal structure caused
by a partial conversion of fast mode into Alfvén waves (Kur-
chashov et al., 1987). This coupling is not so strong as to
modify noticeably the cavity mode eigenfrequency or ground
magnetic response to the cavity oscillations. However, the
accompanying Alfv́en wave induces a stronger electric field
in the nighttime ionosphere than a fast mode does. Due to
this feature, both radar (Gjerloev et al., 2007; Teramoto et
al., 2012) and Doppler (with account of the above correc-
tion) (Ikeda et al., 2010) observations consistently indicate
the contribution of an Alfv́en mode in the structure of Pi2
waves in the low-latitude ionosphere.

The suggestion of coupled cavity and Alfvén modes as the
physical nature of Pi2 waves inside the plasmasphere is to be
validated by an advanced modeling of MHD spatial structure
in a realistic 2-D model comprising both magnetosphere and
upper ionosphere.

4 Conclusion

We would like to draw attention to the simple and
useful technique to identify the wave mode of a

www.ann-geophys.net/31/689/2013/ Ann. Geophys., 31, 689–695, 2013
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magnetic-ionospheric disturbance – the effective admittance,
which has been applied in this paper. Based on the re-
lationships from the theory of the MHD wave transmis-
sion through the thin sheet ionosphere we have obtained
simple-to-use analytical estimates for the Doppler responses
on incident ULF waves of different types. The combined
Doppler–magnetometer observations and theoretical consid-
eration show that Pi2 impulses are produced by coupled
fast and Alfv́en modes, and the Alfvénic part, relatively
weak elsewhere, produces the main contribution into the Pi2-
induced ionospheric Doppler velocity.
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