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Abstract. We study the Pi3 pulsations (with a period 

T=15–30 min) that were recorded on December 8, 2017 at 

ground stations in the midnight sector of the magneto-
sphere at the latitude range of DP2 current system convec-

tive electrojets. We have found that Pi3 are especially pro-

nounced in the pre-midnight sector with amplitude of up to 

300 nT and duration of up to 2.5 hrs. The pulsation ampli-

tude rapidly decreased with decreasing latitude from 

Ф′=72° to Ф′=63°. The event was recorded during the 

steady magnetospheric convection. In the southward Bz 

component of the interplanetary magnetic field, irregular 

oscillations were detected in the Pi3 frequency range. They 

correspond to slow magnetosonic waves occurring without 

noticeable variations in the dynamic pressure Pd. Ground-
based geomagnetic observations have shown azimuthal 

propagation of pulsations with a 0.6–10.6 km/s velocity 

eastward and westward of the midnight meridian. An anal-

ysis of the dynamics of pulsations along the meridian has 

revealed their propagation to the equator at a velocity 0.75–

7.87 km/s. In the projection onto the magnetosphere, the 

velocities are close in magnitude to the observed propaga-

tion velocities of substorm injected electrons. In the dawn-
side magnetosphere during ground-observed Pi3 pulsa-

tions, compression mode oscillations were recorded. 

We conclude that propagation of geomagnetic field os-

cillations in this event depends on the dynamics of particle 

injections under the action of a large-scale electric field of 

magnetospheric convection, which causes earthward plas-

ma movement due to reconnection in the magnetotail. 

Small-scale oscillations in the magnetosphere were sec-

ondary, excited by the solar wind oscillations penetrated 

into the magnetosphere. 
 
 

Keywords: Pi3 pulsations, steady magnetospheric 

convection, convection electrojets, particle injections, azi-

muthal and meridional propagation, wave disturbances in 

the interplanetary medium. 
 

 

INTRODUCTION 

It is known that a magnetospheric substorm can gen-

erate geomagnetic pulsations in the range from 0.5 to 

100 mHz whose low-frequency part consists of Pi3 ge-

omagnetic pulsations — irregular long-period 

(T=600÷900 s) geomagnetic field oscillations [Saito, 

Matsushita, 1967]. Our interest in these pulsations is 

due to the fact that it is still largely inexplicable phe-

nomenon, and, furthermore, they have the greatest pow-

er spectral density of geomagnetic oscillations during 

substorms. This means that they are the main energy 

transporters between the ionosphere and the magneto-

sphere. Therefore, we can assume that Pi3 pulsations 

play the most important role in exciting the high-latitude 

ionosphere, causing ions to move, plasma irregularities 

to form, etc. Thus, examining properties of these pulsa-

tions is of great interest in researching the evolution of 

substorm phenomena in the geomagnetic field.  

A number of studies have attributed the origin of Pi3 

pulsation to the processes occurring in Earth’s inner 

magnetosphere. Particularly important among these pro-

cesses are magnetic field line resonances during the 

substorm growth phase [Keiling, 2009], various mecha-

nisms associated with the magnetosphere-ionosphere 

coupling [Russell et al., 2013], reconnection in the 

magnetotail [Angelopoulos et al., 2002], as well as in-

stabilities in the hot component of magnetospheric 

plasma [Mager et al., 2013], and currents associated 

with drift of particles injected during substorms [Gug-

lielmi, Zolotukhina, 1980; Mager, Klimushkin, 2007]. 

At the same time, a relationship has been found be-
tween Pi3 pulsation and variations of interplanetary 

medium parameters [Moiseev et al., 2016; Parkhomov 

et al., 2018]. Alimaganbetov and Streltsov [2018] have 

conducted a statistical analysis of wave disturbances in 

the solar wind (SW) during substorms. They have ana-

lyzed 75 intense substorms and found out that wave 

disturbances with 0.6–0.7 mHz frequencies often occur 

during substorms simultaneously in the magnetosphere 

and on Earth.  
Study of wave disturbance propagation velocities 

and direction allows us to identify both their external 
(SW) and internal (magnetospheric) sources and trans-
formation of different modes of oscillations during their 
generation. 

Wygant et al. [2002] and Keiling et al. [2005] em-

phasize the role of MHD waves in energy transfer be-

tween the magnetotail and auroral zone, derived from 

observations at the plasma sheet boundary based on 
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POLAR, CLUSTER, and FAST satellite measurements. 

These observations indicate that the Poynting vector 

flux, transferred by an Alfvén wave along the magnetic 
field lines at auroral latitudes, may be a dominant ener-

gy source during a substorm. 

Efficiency of energy transfer by magnetosonic 

waves to the magnetosphere across its boundary has 

been studied by Leonovich et al. [2003]; the authors 

show that at flanks where the flow velocity is superson-

ic, the efficiency is ≥40 %, which far exceeds that on 

the dayside where the transfer coefficient is only 1–2 % 

[McKenzie, 1970]. Such efficient transfer of the Poyn-

ting vector flux can provide energetic SW — magneto-

sphere interaction not only under quiet conditions but 

also during moderate substorms. Thus, Mishin [1996], 

by an example of an isolated substorm at the latitude of 

Irkutsk, has demonstrated that the 8-min strong magne-

tosonic SW oscillations observed before the substorm 

could easily supply its power. 

In this paper, we report results of the study of gener-

ation and propagation of Pi3 pulsations under steady 

magnetospheric convection in the December 8, 2017 

event. This event was recorded under relatively quiet 

geomagnetic conditions, which allows us to examine in 

greater detail the direction and velocity of propagation 

of the geomagnetic pulsations. 

 

1.  OBSERVATIONAL DATA 

To study characteristics of the geomagnetic pulsa-

tions, we have used geomagnetic observations from the 

well-known database SUPERMAG [Gjerloev, 2012] 

[http://supermag.jhuapl.edu/mag], as well as from projects 

MAGDAS [http://www.serc.kyushu-u.ac.jp/magdas] and 

THEMIS [http://themis.ssl.berkeley.edu/gmag_desc. 

shtml]. We have taken ACE, WIND, and THEMIS sat-

ellite measurements from the CDAWEB database 

[http://cdaweb.gsfc.nasa.gov]; and GOES observations, 

from the NOAA database [https://www.ngdc.noaa.gov/ 

stp/satellite/goes/dataaccess.html]. Coordinates of the 

satellites are listed in Table 1. Orbital elements of the 

satellites in the magnetosphere in the GSM coordinate 

system are shown in Figure 1. To study long-period 

variations of the magnetic field and plasma parameters, 

we have used 1-min averaged observational data. Coor-

dinates of the ground stations whose data we use are 

given in Table 2. To identify the pulsations in satellite 

and terrestrial observations, we have removed the long-

period part — bay-like disturbances with a period T ≥ 

60 min, using a digital filter in the Matlab package 

(filtfilt.m, [https://www.mathworks.com/help/signal/ref/ 

filtfilt.html]), which does not introduce phase shifts in 

the output signal relative to the input one. 

 

Table 1 
Satellite coordinates in the interplanetary medium and magnetosphere 

Satellite Time, UT 
Coordinates 

XGSM, RE YGSM, RE ZGSM, RE 

ACE 11:00 237.10  –22.08 31.31 

WIND 11:00 194.61 –0.31 –8.79 

GOES 13 12:00 1.82 –6.08 1.84 

GOES 14 12:00 –1.31 –6.46 0.53 

GOES 15 12:00 –4.19 –5.03 –0.93 

THEMIS E 12:00 –2.77 –8.90 0.11 

 

 

 

Figure 1. Location of different satellites in the XY (a) and XZ (b) planes in the GSM coordinate system at 12.00 UT 

 

http://supermag.jhuapl.edu/mag
http://www.serc.kyushu-u.ac.jp/magdas
http://themis.ssl.berkeley.edu/gmag_desc.%20shtml
http://themis.ssl.berkeley.edu/gmag_desc.%20shtml
http://cdaweb.gsfc.nasa.gov/
https://www.ngdc.noaa.gov/%20stp/satellite/goes/dataaccess.html
https://www.ngdc.noaa.gov/%20stp/satellite/goes/dataaccess.html
https://www.mathworks.com/help/signal/ref/%20filtfilt.html
https://www.mathworks.com/help/signal/ref/%20filtfilt.html
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Table 2 
Coordinates of geophysical (magnetic and riometric) stations 

Station Station code 

Geographic Geomagnetic 
Midnight 
MLT, UT 

Latitude Longitude Latitude Longitude 

Yellowknife YKC 62.48 245.52 69.42 303.15 8:22  

Fort Simpson FSP 61.76 238.77 67.47 295.11 8:59  

Inuvik INK 68.25 226.70 71.50 276.95 10:13  

Fort Yukon FYU 66.57 214.70 67.65 267.17 11:00  

Deadhorse DED 70.36 211.21 70.87 260.73 11:37 

Barrow BRW 71.30 203.25 70.60 253.43 12:12 

Kotelnyy KTN 75.94 137.71 70.98 202.81 15:50 

Dixon DIK 73.55 80.57 69.36 156.64 18:15 

Eagle EAG 64.78 218.80 66.59 272.2 10:37 

College CMO 64.87 212.14 65.45 266.18 11:10 

Kenia College T55 60.55 208.74 60.35 265.78 11:02 

Shumagin SHU 55.38 199.54 53.29 260.26 11:31 

Dawson City DAW 64.05 220.89 66.24 274.66 10:24 

Fort Simpson FSP 61.76 238.77 67.47 295.11 08:59 

Fort Smith FSM 60.02 248.05 67.47 307.71 08:25 

Rabbit Lake RAB 58.22 256.32 67.00 319.92 07:33 

Gillam GIL 56.38 265.36 66.16 333.92 06:33 

Rankine Inlet RAN 62.82 267.89 72.45 336.88 06:28 

Fort Churchill FCC 58.76 265.92 68.50 334.43 06:31 

Island Lake ISL 53.86 265.34 63.70 334.21 06:30 

Kiana KIAN 67.00 199.60 65.62 254.45 12:02 

Cape Schmidt CPS 68.88 180.55 65.37 239.02 13:12 

Chokurdakh CHD 70.62 147.89 65.67 214.11 15:09 

Tixie TIX 71.58 129.00 66.70 198.71 16:04 

Amderma AMD 69.50 61.40 65.85 138.20 19:09 

Zhigansk ZGN 66.75 123.26 62.01 195.44 16:13 

Zyryanka ZYK 65.75 150.78 60.54 218.76 14:51 

Yakutsk YAK 60.02 129.72 54.88 202.6 15:50 

 
 

2.  RESULTS OF OBSERVATIONS  

2.1 Variations of interplanetary medium pa-

rameters 

Figure 2 presents ACE spacecraft (S/C) measure-
ments of interplanetary medium parameters with a shift 
of ~60 min, which corresponds to the time of propaga-
tion of a disturbance from S/C to a subsolar point at the 
magnetopause. Panel a in the GSM coordinate system 

shows variations in the IMF Bz component and B modu-
lus (panel b, right scale); panels b–d depict variations in 
SW density N, velocity Vx, dynamic pressure Pd. The 
Figure also presents variations in the Ey component of 
the SW electric field, geomagnetic indices AU, AL (pan-
el e–f) at 05.00–15.00 UT on December 08, 2017. The 
Bz variations at steady southward IMF are seen to lead 
to intense fluctuations of the AL index with amplitude 
100–200 nT and a period 20–30 min, with maximum AL 
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being as great as –370 nT. Note that this event was rec-
orded in the absence of a magnetic storm, but during the 
decay phase of high speed SW stream. Next we will 
analyze the disturbances observed in the interval 10.00–
15.00 UT, marked with a black rectangle at the bottom.  

Comparison of variations in high-latitude geomag-

netic activity indices with variations in Ey, calculated 

from the formula Ey=VxByzsin2(θ/2), where 

Byz=(By
2+Bz

2)1/2, shows that they are similar (gray 

dashed lines on panels e, f). This fact and steady south-

ward IMF Bz suggest that the observed disturbances can 

be attributed to the so-called steady magnetospheric 

convection (SMC) disturbances [Pytte et al., 1978; Ser-

geev et al., 1996].  

As in the events discussed in [Moiseev et al., 2016; 

Parkhomov et al., 2018], in our event there is anticorre-

lation between the SW density and the IMF modulus 

(Figure 2, b). It is more clearly shown in inset b1 from 

WIND S/C data. At the same time, the observed simul-

taneous increase in SW density and velocity resulted in 

a slight gradual increase in its dynamic pressure in the 

period considered. 

 

2.2 Observations of pulsations on Earth and 

in the magnetosphere 

Figure 3 illustrates variations in the geomagnetic 

field H and D components in the period 10.00–15.00 

UT on December 08, 2017, according to data from high-

latitude stations on the night side of Earth. The stations 

are located along high Ф′= 68°–72° (panels a, b) and 

lower Ф′ = 63°–66° latitudes (panels c, d), where Ф′ is 

the geomagnetic latitude. The 15–30 min irregular pul-

sations were recorded from 10.50 to 13.30 UT at auroral 

latitudes and clearly manifested themselves in the D 

component of the geomagnetic field in the sector of 20 

MLT with maximum amplitude to 100 nT. 

On the left panel, for the BRW and DED stations in 

the H component we can see pulsations that started 

and ended earlier than in the D component. Note that 

the pulsations were recorded during a DP2-type dis-

turbance characterized by enhancement of the west-

ward electrojet (negative magnetic bay in the H com-

ponent, panel a) in the dawn side and the eastward elec-
trojet (positive magnetic bay, panel c) in the dusk side.  

 
 

 

Figure 2. Time dependence of variations in interplanetary medium parameters according to ACE S/C data: IMF Bz (a), SW 
density N (gray line, left scale), IMF modulus B (black line, right scale) (b), SW velocity component Vx (c), SW dynamic pres-
sure Pd (d), Ey component of the SW electric field (e), AU and AL geomagnetic activity indices ( f) at 05–15 UT. The ACE S/C 
data is given with a shift of ~ 60 min. Inset b1: plasma density variations (gray line, left scale) and the IMF modulus B (black 

line, right scale) obtained from WIND measurements  
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Figure 3. Variations in geomagnetic field H and D components at geomagnetic latitudes 68°–72° (a, b) and 63°–66° (c, d) as 
a function of time. Arrows indicate direction of propagation of geomagnetic pulsations to the east in the post-midnight sector and 
to the west in the pre-midnight sector. On panels a, c is the MLT sector of stations 

 
Phase delays in Pi3 pulsations at the stations in dif-

ferent MLT sectors indicate azimuthal propagation of 
the pulsations (schematically shown by arrows) from the 
midnight to the east in the post-midnight sector and to the 
west in the pre-midnight sector at a velocity 1–6 km/s. 

Figure 4 shows variations in the geomagnetic field H 
and D components along magnetic meridians 00–01 
MLT (post-midnight sector, panels a, b) and 20–21 
MLT (pre-midnight sector, panels c, d) at geomagnetic 
latitudes from 70° to 60°. Bottom panels (e, f) demon-
strate variations in the geomagnetic field Z and H com-
ponents at several stations in these sectors. Referring to 
Figures 3 and 4, a, c, in the post-midnight sector a 
westward electrojet was recorded; whereas in the pre-
midnight sector, an eastward one. The pulsations had 
the form of negative variations in the post-midnight 
sector and positive variations in the pre-midnight sector. 
From variations in the Z (black solid curve) and H com-
ponents (gray dashed curve) (Figure 4, e) it follows that 
the center of gravity of the eastward electrojet was in 
the pre-midnight sector to the north of the KTN station 
(70.98°), and the center of gravity of the westward elec-
trojet in the post-midnight sector was at the latitude of 
the FYU station (Figure 4, f), which corresponds to the 
geomagnetic latitude of 67.6°. It is evident that there 
were considerable variations in the Z component relative 
to zero at this station.  

Arrows in Figure 4, d indicate phase delays suggesting 
that the magnetic pulsations propagate to the equator. 
Analysis of propagation velocities was conducted using the 
method described in [Makarov et al., 2002] and was ap-
plied to longitude and latitude variations (Figures 3, 4), 
with trends of bay-like disturbances removed. These fil-
tered variations denoted by δH and δD are shown in Fig-
ures 5 and 6 respectively. Propagation directions are indi-
cated by arrows: solid arrows mark azimuthal propagation 
(from the midnight to the east and west); dashed arrows, 
meridional propagation (to the equator). Values of the 

propagation velocities are listed in Table 3. 
Figure 7 shows phase delays during recording of 95 

keV proton (a) and 150 keV electron (b) fluxes from satel-
lites GOES 13 (G13), GOES 14 (G14), and GOES 15 
(G15), as well as phase delays in riometric absorption vari-
ations in azimuthal (c) and meridional directions (d). Note 
that unlike electrons, the bay-like disturbance hardly mani-
fested itself in proton fluxes. However, if electron fluxes 
are higher in G15 located closer to the midnight sector, 
proton fluxes are higher in G13 located closer to the dawn 
sector. This can be explained by the drift of the protons to 
the west, and the electrons to the east. 

The profile of riometric absorption of cosmic radio 
noise in the DAW station at 01.36 MLT coincides with 
the change in the electron flux in G15 almost without 
delay. This suggests that electron injections contribute 
significantly to the observed riometric absorption varia-
tions. From the relative delays in variations of particle 
fluxes we estimated disturbance propagation velocities, 
which were 60–80 km/s for the electron fluxes, as de-
rived from G15, G14, G13 observations at 04.00–06.00 
MLT. Azimuthal propagation of the electron fluxes co-
incides in direction with propagation of riometric ab-
sorption (Figure 7, c). We have compared the riometric 
absorption dynamics with geomagnetic field δD com-
ponent variations at the same stations shown in Figure 
8, c, d. In this case, the δD component has dynamics 
similar to that of riometric absorption in both azimuthal 
and meridional directions. The velocities estimated from 
riometric data are also listed in Table 3. We can see that 
in the pre-midnight sector positive azimuthal velocities 
corresponding to westward propagation are recorded; in 
the post-midnight sector, negative velocities corre-
sponding to eastward propagation. The azimuthal veloc-
ity Vazim increases in the pre- and post-midnight sectors 
with distance from the midnight meridian; in 18–19 
MLT sectors at a latitude of 70° Vazim=16.5 km/s; at a 
latitude of 66°, Vds=9.4 km/s. In the 02.00 MLT sector at 
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Figure 4. Time dependence of variations in the geomagnetic field H and D components along geomagnetic meridians 00–01 
MLT (a, b) and 20–21 MLT (c, d), variations in the Z and H components indicated by solid black and gray dashed curves respec-
tively at certain stations of the meridian 20–21 MLT (e) and 00–01 MLT (f)  

 

 

Figure 5. Variations in the geomagnetic field δH and δD components filtered from the original dataset over time from meas-
urements at the same stations as in Figure 3. Arrows indicate the direction of propagation of geomagnetic pulsations to the east in 
the post-midnight sector and to the west in the pre-midnight sector. Filter cutoff period T≥60 min 
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Figure 6. Variations in the geomagnetic field δH and δD components filtered from the original dataset as a function of time 
along geomagnetic meridians 00–01 MLT (top panel) and 20–21 MLT (bottom panel). Arrows indicate equatorward propagation 
of pulsations. Filter cutoff period T≥60 min 

 

Table 3 
 

Value and direction of propagation velocities in the ionosphere according to data from ground-based magnetometers and riometers. 
Negative azimuthal velocities correspond to eastward propagation; positive ones, to westward propagation.  

Positive meridional velocities correspond to equatorward propagation 

Instruments 

Propagation 

Azimuthal Meridional 

Velocities, 

km/s 

Geomagnetic 

latitude, ° 
MLT, hr:min 

Velocities, 

km/s 

Geomagnetic 

latitude, ° 
MLT, hr:min 

M
ag

n
et

o
m

et
er

s 

–6.55 69.49 2:00 0.69 67.71 
05:30 

–0.88 69.26 1:30 0.49 66 

–0.93 70.74 1:00 1.82 69.13 

00:00–01:00 

–0.62 69.58 0:40 3.13 66.64 

16.54 70.17 18:40 1.7 66.55 

–2.52 66.02 1:10 7.87 62.9 

–3 65.54 0:20 7.27 56.82 

10.62 65.52 21:50 1.89 68.84 

20:00–21:00 1.6 66.19 20:20 4.83 64.36 

9.4 66.28 18:00 3.96 63.11 

–2.6 66.4 5:00 – – – 

–3.63 67.4 4:00 – – – 

–3.05 67.9 3:17 – – – 

–0.93 66.85 2:15 – – – 

R
io

m
et

er
s –0.86 66.4 5:00 –0.1 67.71 05:30 

–0.52 67.4 4:00 – – – 

–1.63 67.9 3:17 – – – 

–2.4 66.85 2:15 – – – 
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a latitude of 69.5°, the velocity increases to –6.5 km/s 

(the sign "–" indicates eastward propagation). The azi-

muthal velocity in the post-midnight sector 2–5 MLT at 

latitudes 66.4–67.9 Vazim=0.9–3.6 km/s as derived from 

magnetometer data, whereas according to riometer data 

it is several times lower — Vds=0.5–0.7 km/s. The ve-

locity of equatorward meridional propagation Vmer in the 

20–21 MLT sector also increases with decreasing lati-

tude from 1.9 km/s at a latitude of 69° to 4–4.8 km/s at a 

latitude 63°–64°. Such dynamics is also observed in the 

post-midnight sector 00–01 MLT, where the equa-

torward propagation velocity increases from Vmer=1.8 

km/s at a latitude of 69° to Vmer=7.8 km/s at a latitude of 

63°. In the dawn sector 05.30 MLT, the southward ve-

locity was 0.75 km/s according to magnetometer data 

and about 7 times lower according riometer data. The 

lower velocities from riometer data as compared to 

those from magnetometer data may be attributed to dif-

ferent forms of disturbances recorded by these instru-

ments. In the riometer, disturbances look smoother, and 

therefore it is possible to estimate time delays between 

the main maxima (minima) of bay-like (slow) disturb-

ances. Spanswick et al. [2005] have carried out a statis-

tical analysis of propagation of substorm injections in 

azimuthal and meridional directions, using riometer 

observations. For the analysis, the authors took, among 

others, data from some stations presented in Figures 7, 8. 

They compared azimuthal propagation velocities, de-

rived from magnetometer and riometer data, and ob-

tained similar values (2–3 km/s). As for meridional 

propagation, the authors recorded only pole propaga-

tion. Thus, in our event the riometer data allows us to 

compare only propagation direction, not its velocity, 

with that obtained from magnetometer observations.  

Figure 9 shows electron density variations compared 

with variations in the B modulus and Bz component of the 

geomagnetic field, measured by the ThE satellite (a). On 

lower panels are variations in electron (b) and protons (c) 

fluxes in the same satellite. 

The similarity in the behavior of B and Bz suggests 

that the full vector varies along the z coordinate, which 

corresponds to compression field variations, as shown in 

[Li et al., 2011] from ThE satellite measurements. Of 

note also is that the n and B variations were recorded in 

antiphase. Such n and B variations are typical of slow 

magnetosonic (SM) waves [Van de Hulst, 1951] or mir-

ror mode oscillations [Hasegawa, 1969; Woch et al., 

1988] and also indicate the compression nature of oscil-

lations in the magnetosphere. In [Mager et al., 2013; 

Kostarev, Mager, 2017], compression small-scale oscil-

lations are interpreted using the drift compression wave 

mode, which also features opposite variations of n and 

B. However, this mode is recorded mainly during the 

magnetic storm recovery phase. 

The electron fluxes in the interval of interest showed 

dispersionless injection. From the similarity in forms of 

electron fluxes with E=139 keV in ThE and lower-

energy particles (E= 95 keV) in G14 (Figure 7), and 

from the closest values of the z coordinate of these satel-

lites (Figure 1), we have estimated the radial velocity of 

electron flux propagation between these satellites (along 

the x coordinate, the distance between the satellites was 

8929.2 km) at 113 km/s.  

It should be noted that in the interval 11.15–12.15 

UT there was a slight increase in the proton variations 

followed by generation of 10–15 min pulsations. Ampli-

tude of the pulsations peaked in the 15.7 keV proton 

flux (gray color in Figure 9, c). These pulsations, like 

electron density variations, were recorded in antiphase with 

the magnetic field, but they had a more regular form.  

Figure 10, a–c shows Vx, Vy, Vz components of the 

electron velocity measured by the ThE satellite. Panel d 

depicts variations in electron δn and magnetic field δB 

densities in the ThE satellite. Panel e illustrates IMF δBz 

variations from the ACE satellite and δVx velocity com-

ponent from ThE. From data, presented on panels d, e, 

we excluded long-period bay-like disturbances, using a 

filtering method. We can see that in the ThE satellite as 

well as in ground stations in this sector, eastward radial 

propagation of electrons occurred on the night side. We 

evaluated the horizontal velocity component Vhor=(Vx 
2+Vy

2)1/2=127 km/s at 12 UT. At the same time, the elec-

tron velocity had an equatorward vertical component 

Vz=–357 km/s, which was more than twice higher than 

the horizontal component. Both azimuthal and meridio-

nal propagation agrees in general with ground-based 

data (Figures 7, 8). Comparison between δn and δB 

(panel b) shows their closer correlation (anticorrelation) 

than in Figure 9. Comparison of Vz variations with H 

variations at the RAN station (Figure 8, b) points to 

their similarity. From this we can conclude that the sat-

ellite was near the equatorial projection of the field line 

of this station, and electron precipitation contributed 

significantly to the ground-observed geomagnetic field 

H-component variations. 

 

3.  DISCUSSION 

Thus, in the event under study on Earth's night side 

there were geomagnetic Pi3 pulsations, which propagat-

ed in azimuthal and meridional directions and had a 

maximum intensity at latitudes of auroral electrojets of 

the DP2 current system. In the dawn-side magneto-

sphere, the ThE satellite from magnetometer and plasma 

detector data recorded the azimuthally small-scale oscil-

lations that did not manifest themselves in ground-based 

magnetic field measurements. Manifestation of the Pi3 

pulsations in magnetometer, riometer, and optical ob-

servations has also been examined in [Belakhovsky et 

al., 2015]. The authors observed a sharp increase in en-

ergetic particle fluxes from satellite observations, an 

increase in electron precipitation from riometer absorp-

tion data, and an enhancement of auroral intensity from 

all-sky camera data. The magnetic pulsations modulated 

electron fluxes and riometric absorption. There is no 

such modulation in our event, and riometer data shows 

only bay-like disturbances. This can be attributed to a small 

value of the compression component of the pulsations in 

the magnetosphere, which modulates the electron-

cyclotron instability increment [Coronity, Kennell, 1972]. 
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Figure 7. Time variations in 95 keV proton fluxes (a) and 150 keV electron fluxes (b) in G13, G14, G15 satellites; riometric 
absorption variations in azimuth at stations located along the geomagnetic latitude 66°–67.5° (c) and along the meridian of 5:30 
MLT (d) 

 

 

Figure 8. Variations in the geomagnetic field δH (a, b) and δD (c, d) components as a function of time at the same stations as 
in Figure 7 
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Figure 9. Variations in the electron density n (black line, left scale), modulus B and Bz component of the geomagnetic field 
(gray line, right scale) (a); variations in energetic electron Je (b) and ion Jp (c) fluxes as a function of time from ThE measure-
ments  

 

Figure 10. Vx, Vy, Vz components of electron velocity (a–c), electron density and magnetic field from ThE satellite measure-
ments (d), IMF Bz component and electron velocity Vx component (e) from ACE S/C data as a function of time 
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3.1 Propagation of pulsations in the iono-

sphere and inner magnetosphere  

According to [Kiselev, Raspopov, 1976 ] and [Saito, 

1978], a subclass of Pi3 pulsations are Ps6 pulsations. 

Their peculiarity is high intensity in the D and Z com-

ponents as compared to the H component. Ps6 are gen-

erally recorded at night and dawn [Saito, 1978; Rostok-

er, Barichello, 1980] concurrently with polar auroras 

recorded during a substorm (auroral torch). However, 

there were no auroras in the event of interest. Thus, we 

can assume that the Pi3 pulsations in our event have 

some features typical of Ps6 pulsations (manifestation in 

the D and Z components), and may indicate the contri-

bution of field-aligned currents to generation of these 

pulsations. The pulsations, according to the localization 

of their amplitude at latitudes close to the position of 

convection electrojets, are driven by their oscillations. 

It is common knowledge that wave disturbances 

propagate along the azimuth and meridian, with the prop-

agation direction dependent on their source: antisunward 

propagation is usually defined by external sources, e.g. by 

Kelvin-Helmholtz instability or by SW dynamic pressure 

pulses Pd [Mishin, 1993]; whereas sunward propagation, 

by the internal source. However, as shown in [Klibanova 

et al., 2014; Moiseev et al., 2016], the external and inter-

nal sources may operate simultaneously, thus causing 

wave disturbances to propagate in opposite direction in 

different regions of the magnetosphere. Almost all studies 

that analyze wave disturbances from ground-based data 

mention the fact of their meridional propagation to the 

magnetic pole. The main source of disturbances in this 

case is the fast MS wave — Alfvén wave conversion 

along field lines of different lengths and a delay in the 

arrival of the Alfvén wave when it propagates along 

longer field lines [Parkhomov et al., 2005]. Opposite 

propagation of wave disturbances to the equator is exam-

ined in papers that analyze radar measurement data indi-

cating a relationship of such waves with disturbances in 

the ionosphere F-region and their small-scale source. 

Thus, Yeoman et al. [1992] have used SABRE radar data 

to describe equatorward propagation in the dusk sector. 

The authors suggested that such propagation is driven by 

the wave — particle interaction, namely the interaction 

between ring current hot protons and the plasmapause. 

We have not come across papers that mention equa-

torward propagation of wave disturbances identified from 

ground-based magnetometer data. Lack of ground-based 

magnetometer data on such waves may be associated 

with the fast decay of waves recorded by a radar (see 

[Yeoman et al., 1992]).  

It is interesting to see how the propagation velocity 

varies with latitude. If we assume that the observed sig-

nal phase delays are caused by wave propagation, then, 

according to theoretical concepts, due to the large dif-

ference in the Alfvén velocity at the point of reconnec-

tion, MHD waves move to Earth at the velocity that is 

by an order of magnitude greater in tail lobes than in a 

denser plasma sheet. Comparing velocities obtained 

from magnetometer data at latitudes 69°–70° with ve-

locities at latitudes 65°–66°, we can conclude that ve-

locities are higher at lower latitudes, i.e. the reverse is 

true. With this in mind, we can assume that in our event 

propagation depends on plasma injections in the region 

of convection electrojets, which change the value of 

ionospheric plasma conductivity, thus leading to the 

observed dynamics in the azimuthal and meridional 

directions.  

The wave velocities, listed in Table 3, in both merid-

ians show a two-threefold increase at latitudes below 

66°. Such dynamics of the meridional velocity can be 

explained by higher azimuthal propagation velocities at 

lower latitudes.  
Note that the horizontal component of electron ve-

locity Vhor=127 km/s in the ThE satellite is comparable 

with the injection propagation velocity (113 km/c) be-

tween ThE and G14, which again emphasizes the signif-

icant contribution of electron injections to propagation 

of wave disturbances. This velocity is several times 

higher than that of substorm injections (24 km/s) esti-

mated in [Reeves et al., 1996] through the analysis of 

several events. This difference may be due to different 

positions of the satellites in their study and in our event. 

While in this event we examine Pi3 pulsations under 
steady magnetospheric convection, the processes occur-

ring in the magnetosphere-ionosphere system do not 

differ fundamentally from the substorm disturbances: 

the intensity of the eastward electrojet, as well as the 

duration of observation, is much lower than that of  the 

westward one, dispersionless electron injections are 

similar to substorm ones. Furthermore, out of necessity 

to maintain the pressure balance, it is held that steady 

convection is hardly possible in the tail of the magneto-

sphere, and constant energy input must generate repeti-

tive substorms. Solovyev et al. [1999] have examined 

similar disturbances on the night side in events driven 
by steady magnetospheric convection. These disturb-

ances were accompanied by generation of convection 

electrojets and 5–15 min Ps6 pulsations. A distinctive 

feature of this event was the generation of N-S auroras, 

which expanded to the equator with V≥1 km/s. A satel-

lite that was on the night side detected earthward high-

speed plasma flows. The authors suggested that the au-

roras in their event are an optical manifestation of high-

speed plasma flows in the magnetotail. 

Kozlovsky et al. [2001] have compared the equa-

torward movement of the auroral arc with ionospheric 
convection variations during the substorm. It has been 

found that the velocity of movement of the arc and the 

convection velocity are 0.4–0.6 km/s. The authors have 

attributed such dynamics of the auroral arc to IMF Bz 

variations due to reconnection, which give rise to a 

dawn–dusk electric field in the nightside magnetosphere, 

which determines the earthward plasma motion manifest-

ing itself in the equatorward movement of the arc. 

In this event, the equatorward propagation velocities 
from magnetic and riometer observations are of the 

same order of magnitude as the arc movement velocity 
in the event discussed in [Kozlovsky et al., 2001] but 

closer to the aurora expansion velocity obtained in 
[Solovyev et al., 1999]. Equatorward propagation in our 

event occurs without considerable delay in the interval 
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12–13 UT in different meridians: 00–01 MLT, 20–21 
MLT, 05.30 MLT (Figures 6–8), which indicates a 

large-scale source of propagation. Comparison of equa-
torward propagation with the SW electric field dynam-

ics Ey (Figure 2) shows that Ey increased from 0.2 to 1 
mV/m in the interval 10.15–12.45 UT and equatorward 

propagation was observed from 11.30 UT after Ey had 
reached 0.5 mV/m. Oscillations of the Vx component in 

ThE in our event are similar to velocity variations in 
Geotail in the event discussed in [Solovyev et al., 1999], 

but their amplitude is lower by an order of magnitude. 
Moments of two minima in Vz in ThE are close to those 

of SW electric field maxima (11.20 UT and 12.40 UT, 
Figure. 2, e). IMF Bz variations coincide in time and are 

close to the period of maximum variations of Vx in Fig-
ure 10. Perhaps they modulate the intensity of the DP2 

current system through ionospheric conductivity varia-
tions caused by modulation of earthward plasma veloci-

ty. Presumably the velocity variations and the magnetic 

field (density) variations in ThE reflect physical pro-
cesses occurring in different magnetospheric regions. 

Velocity variations provide information about reconnec-
tion in the magnetotail. Pulsations in the magnetic field 

(density) are associated with the local process of wave – 
particle interaction. The pulsations observed in ThE are 

small-scale since they are not recorded on Earth in this 
sector.  

As mentioned above, the antiphase plasma density 

and magnetic field variations may correspond both to an 

SM wave, and to a mirror mode (MM) wave as Alfvén 

waves are not accompanied by density variations. SM 

waves are known to occur mainly in SW and magne-

tosheath; whereas MM waves, in the magnetosphere 

[Woch et al., 1990]. Pulsations in the dawn sector of the 

magnetosphere were recorded at β>1; however, values 

of the hydrodynamic criterion for an MM wave in our 

event (Γ>0) do not correspond to the values necessary 

for the development of this instability: Γ=1+βper[1 – 

Tper/Tpar]<0 [Hasegawa, 1969], where βper=(n 

ikTi p a r+nekTe p e r)/(B
2/(2μ0)), Tpar, per are the plasma tem-

perature parallel and perpendicular to the magnetic 

field, μ0 is the permeability of free space. Thus, the 

waves recorded in the magnetosphere are most likely to 

be SM waves. 

 

3.2. Penetration of MHD waves from the so-

lar wind into the magnetosphere and their 

transformation  

Comparison of IMF Bz variations in ACE (Figure 

10) with velocity variations in ThE suggests that they 

penetrate from the interplanetary medium into the mag-

netosphere.  
Penetration of Pc5 waves from the interplanetary 

medium into the magnetosphere has been discussed in 

[Kepko et al., 2002; Kepko, Spence, 2003; Kessel et al., 

2004]. In [Kepko et al., 2002; Kepko, Spence, 2003], 

analysis of a series of geomagnetic pulsations caused by 

Pd variations has revealed that discrete frequencies of 

intramagnetospheric resonances of 0.7, 1.3, 1.9, 2.6, and 

3.4 mHz are observed in SW density variations and pre-

sumably reflect the existence of structures of certain 

dimensions in the interplanetary medium. Kepko, 

Spence [2003] have converted the variation frequencies 

to equivalent radial dimensions of corresponding struc-
tures in SW and obtained the following values: 150, 

200, 300, and 500–600 Mm. This result has been con-

firmed by the statistical analysis of SW density data for 

11 years carried out in [Viall et al., 2008]. The authors 

determined the most frequently observed statistically 

significant radial dimensions of SW structures: 73, 120, 

136, and 180 Mm for slow SW and 187, 270, and 400 

Mm for fast SW. Periods with oscillations in our event 

(20–30 min) correspond to radial dimensions of irregu-

larities (528–792 Mm) and are located on the edge (in 

the tail) of distribution of radial dimensions of the dis-

turbances [Viall et al., 2008]. The main frequency of the 
oscillations in our event (0.6–0.7 mHz) is close to the 

first harmonic of intramagnetospheric resonances.  

Simultaneous measurements of the plasma density n 

and the magnetic field modulus B are typical of compres-

sion MHD waves: fast (FM) and SM. In the case of FM 

waves, these parameters vary in phase; whereas in the 

case of SM waves, in antiphase [Baumjohann, Treumann, 

1996], as observed in our event in the interplanetary me-

dium (Figure 2) and in the magnetosphere (Figure 7). 

Leonovich et al. [2015] state that only an FM wave with 

a small azimuthal wave number can penetrate into the 

magnetosphere without a significant decrease in ampli-

tude. In the magnetosphere, it can transform into Alfvén 

and SM waves on resonant magnetic shells. However, the 

question about possible direct penetration of SM wave 

into the magnetosphere remains open. In our event unlike 

that analyzed in [Moiseev et al., 2016], we did not ob-

serve significant Pd variations, SW velocity did not ex-

ceed the mean value, which was obviously not enough for 

the development of instability at the boundary of the 

magnetosphere due to the SW flow around it. Perhaps the 

interplanetary medium conditions that give rise to genera-

tion of substorm activity due to reconnection favor the 

SM wave penetration into the magnetosphere. 

The compression nature of the waves in the magne-

tosphere (Figure 9) and their scale are typical of irregu-

larities from the source that has a small transverse 

wavelength, for example, from particle injections. Such 

oscillations cannot be recorded by ground-based magne-

tometers. 

Thus, in this event oscillations of two types were 

simultaneously excited: SM waves observed in SW and 

in the magnetosphere, and oscillations of auroral elec-

trojets (in the ionosphere) recorded on Earth — Hall 

currents excited by Alfvén oscillations of field-aligned 

currents. Yeoman, Wright [2000], using CUTLASS HF-

radar data, have identified three different waves in one 

event. The first, large-scale, was from the external 

source, whereas the second and third, small-scale, were 

from the internal sources. Beharrell et al. [2010], using 

scanning riometer data, have studied small-scale oscilla-

tions with azimuthal wave numbers up to 380. The au-

thors suggested that the observed small-scale oscilla-

tions were secondary, excited by primary oscillations in 

the magnetospheric cavity, which, in turn, were caused 

by Pd pulses. Compression disturbances of the magneto-
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spheric cavity transform into toroidal oscillations of the 

Alfvén mode; the latter direct their energy to resonant 

protons through the Landau damping mechanism. After 

primary oscillations damp out, protons through inverse 

Landau damping give their energy to small-scale sec-

ondary oscillations. The mechanism of generation of 

secondary oscillations in the event considered might be 

similar to the mechanism proposed by Beharrell et al. 

[2010], especially that the SM-wave velocity is close in 

magnitude to the thermal velocity of plasma ions, and 

therefore the wave can transfer its energy to them. In 

our event, the resonant proton energy determined from 

ThE data is 15.7 keV, and is in line with the maximum 

peak of resonant proton distribution obtained in [Behar-

rell et al., 2010].   
 

CONCLUSION 

From this analysis we can draw the following con-

clusions. 

 Ground-based geomagnetic observations have 

shown azimuthal propagation of Pi3 pulsations to the east 

in the post-midnight sector and to the west in the pre-

midnight sector with a velocity 0.6–10.6 km/s. Analysis of 

meridional propagation has established the fact of equa-
torward propagation with a velocity 0.75–7.87 km/s, both 

azimuthal and meridional velocities increasing with de-

creasing latitude. Such dynamics of the azimuthal and me-

ridional propagation components suggests that plasma 

generally propagates in the magnetosphere to the equator 

from the midnight meridian. 

 Compression mode magnetic field oscillations 

were recorded in Earth’s magnetosphere on the dawn 

side in the range of periods of ground pulsations. 

 We assume that oscillations in this event were 

caused by penetration of waves from SW due to reconnec-
tion and transformation in Earth’s magnetosphere via wave 

— particle interaction. 
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