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Abstract. Using phase delays at spaced stations and 

satellite observations in the magnetosphere during two 

events, we have studied azimuthal propagation of reso-

nant bursts of geomagnetic pulsations in the Pc5 range. 

We have also examined propagation of equivalent cur-

rent vortices during these events. It has been found that 

the pulsations, observed in the magnetosphere and iono-

sphere, and the equivalent current vortices in the iono-

sphere propagate in the azimuthal direction from the 

dayside to the nightside. Propagation velocities accord-

ing to ground-based observations are 5–25 km/s; ac-

cording to satellite observations, 114–236 km/s. Propa-

gation velocities according to satellite observations do 

not exceed the Alfvén velocity in the magnetosphere, 

which is 620–1006 km/s. According to data from vari-

ous instruments, there are signatures of fast magneto-

sonic and Alfvén waves at a time in one of the events on 

the satellite. This clearly reflects the transformation of 

these waves. The geomagnetic latitude of registration of 

vortex centers coincides with the latitude of the maxi-

mum amplitude of geomagnetic pulsations (field line 

resonances) and decreases by ~15° toward the early 

hours of MLT. The observed dynamics of Pc5 pulsa-

tions and vortices is assumed to reflect MHD wave 

propagation in the magnetosphere. 

Keywords: geomagnetic Pc5 pulsations, equivalent 

current vortices, azimuthal propagation, wave disturb-

ances in plasma parameters and geomagnetic field in 

Pc5 pulsations in the magnetosphere 

 

 

 

INTRODUCTION 

Ultra-low frequency (ULF) waves in the Pc5 range are 

known to play an important role in the magnetosphere dy-

namics [Saito, 1978]. The ULF waves generated at the 

boundary of the magnetosphere or in the solar wind (SW) 

transfer energy to the inner magnetosphere, where reso-

nance eigenoscillations (field line resonance, FLR) are 

excited. The sources of FLR are considered to be modes of 

the magnetospheric cavity (waveguide) excited by SW 

dynamic pressure pulses Pd [Allan et al., 1986; Wright, 

1994; Chelpanov et al., 2022] or by the Kelvin—

Helmholtz instability on the flanks of the magnetosphere 

[Southwood, 1974; Chen, Hasegawa, 1974; Mishin, 

Matyukhin, 1986; Mann et al., 2002].  

Under the Themis project, data from synchronous sat-

ellite and ground-based observations became available, 

offering the possibility to study types of ULF waves ex-

cited in the magnetospheric-ionospheric system, as well 

as to determine their direction and propagation velocity 

[Zhang et al., 2022]. A source of ULF waves is spatio-

temporal variations in the intensity of three-dimensional 

current systems [Saito, 1969; Motoba et al., 2002]. Trav-

eling convection vortices (TCVs) are a special case of 

ULF wave current systems [Friis-Christensen et al., 1988; 

Glassmeier, 1992]. A source of TCVs is considered to be 

a local effect on the dayside magnetopause [Korotova et 

al., 2004] due to Pd pulses or impulsive reconnection at 

the magnetopause — flux transfer event (FTE). TCVs 

propagate mainly to the west along the azimuth in the 

dawn sector, but, as shown in the statistical study [Zesta 

et al., 2002], they can also propagate to the east. The 

TCV study based on spherical elementary current sys-

tems (the method used in this study) has been carried out 

in [Amm et al., 2002]: the authors have estimated the 

propagation velocity and direction of a pair of TCVs, 

densities of equivalent ionospheric and field-aligned cur-

rents. Chinkin et al. [2020] have examined the dynamics 

of TCVs, using the method they developed for calculat-

ing equivalent ionospheric currents (EICs). Propagation 

of TCVs has been investigated from phase delays of 

magnetic pulses in [Friis-Christensen et al., 1988; Lühr et 

al., 1996]. Yet, we do not know any works comparing 

azimuthal velocities of TCV propagation obtained both 

from phase delays of magnetic impulses and from the 

displacement of vortex centers.  
The purpose of this work is to compare propagation 

of geomagnetic Pc5 pulsations and centers of EIC vorti-
ces, excited during these pulsations in the azimuthal 
direction, using ground and satellite observations. For 

https://orcid.org/0000-0002-2343-1618
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the analysis, we have selected two events of bursts of 
Pc5 geomagnetic pulsations occurring on February 15, 
2011 and January 12, 2008. 

 

1. EXPERIMENTAL DATA 

To study azimuthal propagation of Pc5 geomagnetic 

pulsations and equivalent current vortices, we have used 

geomagnetic observations from the well-known SUPER-

MAG database [Gjerloev, 2012; http://supermag. 

jhuapl.edu/mag]. Coordinates of the stations employed to 

examine propagation of Pc5 pulsations and equivalent cur-

rent vortices are listed in Table 1 and 2 respectively. Meas-

urements by THEMIS satellites have been taken from the 

CDAWEB database [http://cdaweb.gsfc.nasa.gov]. Coor-

dinates of the satellites in the magnetosphere are given in 

Table 3. To study propagation, we have used data from 

ground-based station with a time resolution of 60 s since 

the distance between the stations in azimuth was >500 km, 

and the duration of phase delays of signals was ≥60 s. The 

time resolution of the satellite data was 3 s. 

 
2. ANALYSIS METHOD 

In this paper, we compare azimuthal propagation ve-

locities obtained by two methods: from phase delays of 

magnetic variations at stations (method 1) and from the 

movement of EIC vortices (method 2). 

The location of the global network stations made it 

possible to analyze azimuthal propagation along geomag-

netic latitudes 57°–60°, 65°–66°, and 68°–71°. 

Calculations by both methods were made in Matlab. 

In this case, method 1 involves applying the function 

findpeaks [https://www.mathworks.com/help/signal/ref 

/findpeaks.html] to the interval of the data filtered in the 

Pc5 range (T=150–600 s). With this function we deter-

mined the time of detection of the characteristic maximum 

of signals, received from neighboring stations, in the time 

interval processed, and estimated the phase shift between 

them. By determining the distance between the longitu-

dinally spaced stations by the method described in 

[Makarov et al., 2002], and knowing the phase delay of 

pulsations between them, we can find propagation ve-

locities.  

Method 2 can construct two-dimensional spherical 

elementary current systems describing the equivalent 

current density on a computational grid [Vanhamäki, 

Juusola, 2020]. The disturbance of the geomagnetic 

field is described by superposing the magnetic field of 

divergence-free ionospheric elementary current systems. 

From amplitudes of these systems, we determine EICs. 

The method allows us to analyze the distribution of cur-

rents on the intervals of observation of Pc5 pulsations 

and to estimate the location of EIC vortices. The dis-

tances between their locations and propagation veloci-

ties were determined from geomagnetic coordinates of 

vortex centers in latitude and longitude every 60 s. 

The vortex velocities thus determined were com-

pared with the propagation velocities of Pc5 geomagnet-

ic pulsations. 

The dynamics of EIC vortices is analyzed using the 

program code, written in Matlab, from [Vanhamäki, 

Juusola, 2020] available at [https://link.springer. 

com/chapter/10.1007/978-3-030-26732-2_2#Sec18]. The 

vortex center, as in [Chinkin et al., 2020], was found 

from extremums of the function 

G(x, y)=rot(J /|J|), (1) 

where J is the horizontal ionospheric current.  

Method 1 allows us to estimate phase velocities of 

pulsation propagation; method 2, group velocities of 

vortex propagation.  

To identify Pc5 pulsations from geomagnetic data, 

we have used the digital bandpass filter detailed in 

[Hemming, 1980], 

.
M

n k n kk M
y c x 

  (2) 

Here, ck denotes filter coefficients; k is the number of 

filter coefficients; x designates values of the initial im-

plementation; y indicates the values obtained by filtra-

tion; n is the number of measurements; M is the speci-

fied maximum number of filter coefficients. The coeffi-

cients of the filter ck are related to its amplitude-

frequency response H(ω) by the inverse Fourier trans-

form: 
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for the frequencies  1 2 1/ 2 ,v v v t     Δt is the sam-

pling interval of data; 2 .v     

The filter coefficients were selected in such a way that 

the bandwidth of the amplitude-frequency response corre-

sponded to the periods of Pc5 pulsations in the range of 

150 to 600 s and pulsations on the filter plateau did not 

exceed 1 %. 

 

3. ANALYSIS RESULTS 

Figure 1 presents measurements of parameters of 

plasma (ion concentration and velocity, a–d) and mag-

netic field in the magnetosphere (e–h) from the THE-

MIS D, E, A (ThD, ThE, ThA) satellites in the February 

15, 2011 event. Plasma and magnetic field parameters 

from different satellites are shown by different colors 

and hatching. At the bottom (i) are variations in the H 

component obtained at the ground-based stations locat-

ed in the field line projection of these satellites. In this 

event, ~6 min pulsations on Earth are seen to begin at 

06:54–06:56 UT (i). Concurrent pulsations in the mag-

netic field and the ion velocities recorded by the satel-

lites, located on the nightside near the geostationary 

orbit, began at about the same time (b–h). 

Signal phase delays at ground-based stations and dif-

ferent satellites corresponded to propagation toward the 

magnetotail (in the antisolar direction). Since the pulsa-

tions in the velocity components are more regular than 

the pulsations in the magnetic field, we used them to de-

termine signal phase delays. We employed magnetic field 

variations to study pulsation polarization. Pulsations from 

satellite and ground-based observations looked about the 

same in the January 12, 2008 event. Note that the Pc5 

pulsations in the interval of interest were recorded locally 

in the 00:00–12:00 MLT sector (from midnight to noon). 

http://cdaweb.gsfc.nasa.gov/
https://www.mathworks.com/%0bhe%20lp/signal/%20ref/findpeaks.html
https://www.mathworks.com/%0bhe%20lp/signal/%20ref/findpeaks.html
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Table 1 

Coordinates of ground-based stations (SMAG) used to study azimuthal propagation of pulsations 

Averaged  

latitude 
Abbreviation 

Geographic  

coordinates 

Corrected geomagnetic  

coordinates 

latitude longitude latitude longitude 

68–71 

BJN 74.50 19.20 71.89 107.71 

SCO 70.48 338.03 71.63 71.82 

SKT 65.42 307.1 71.43 37.22 

CDC 64.2 283.4 73.47 3.04 

INK 68.25 226.7 71.5 –83.05 

BRW 71.3 203.25 70.6 –106.57 

GHB 62.00 310.32 67.41 39.05 

IQA 63.75 291.48 72.21 15.58 

FCC 58.76 265.92 68.5 –25.57 

YKS 62.48 245.52 69.42 –56.85 

DED 211.21 211.21 70.87 –99.27 

65–67 

MAS 69.46 23.70 66.65 106.36 

KEV 69.76 27.01 66.82 109.22 

TRO 69.66 18.94 67.07 102.77 

AND 69.30 16.03 66.86 100.22 

LRV 64.18 338.30 65.01 66.72 

NAQ 61.16 314.56 65.75 43.19 

T29 58.10 291.60 66.70 14.25 

T31 56.50 280.80 66.31 –1.92 

GIM 56.38 265.36 66.16 –26.08 

RAL 58.22 256.32 67 –40.08 

FSP 61.76 238.77 67.47 –64.89 

57–60 

MEK 62.77 30.97 59.57 108.66 

SOL 61.08 4.84 58.82 86.25 

LER 60.13 358.82 58.20 80.96 

OUJ 64.52 27.23 61.47 106.27 

LYC 64.61 18.75 61.87 99.33 

RVK 64.94 10.99 62.61 93.27 

T28 53.3 299.5 60.49 23.61 

T32 49.40 277.70 59.52 –6.97 

PIN 50.2 263.96 59.96 –27.43 

MEA 54.62 246.65 61.85 –52.1 

C12 49.69 256.20 58.49 –38.32 

RED 52.14 246.16 59.25 –51.96 

T37 53.8 237.2 59.16 –63.14 

T22 56.83 226.84 60.09 –75.54 

 
To visually explain the pattern of propagation of Pc5 

pulsations, Figure 2 shows the azimuthal profile of the 
H component at 65°–66° magnetic latitudes in the Feb-
ruary 15, 2011 event. The stations are arranged in order 
of decreasing geomagnetic longitude from east to west. 
The data is filtered in the Pc5 range. The maxima se-
lected to determine the phases delays are marked with 
asterisks, next to which are the delay values in seconds. 
Propagation is seen to be westward. 

Figure 3 illustrates EIC distribution at the selected 
stations: Im (a), Gr (b), USA E-Gr (c), USA C-E (d), 
USA W-C (e). The stations for the analysis of azimuth-
al dynamics of vortices have been selected to provide 
two-dimensional coverage. It can be seen that the vorti-
ces moved mainly along the azimuth westward, but in 
the USA C-E (d) network the vortex shifted in a north-
easterly direction. 

Vortex shift in longitude was ~10°. Figure 4 illus-
trates the distribution of azimuthal propagation veloci-
ties of geomagnetic pulsations and centers of equivalent  

current vortices by MLT (geomagnetic longitude) in the 

February 15, 2011 (a) and January 12, 2008 (b) events. 

Panels c, d show the distribution of geomagnetic lati-

tudes of centers of equivalent current vortices, as well as 

field line resonances relative to MLT in the February 

15, 2011 (c) and January 12, 2008 (d) events. Propaga-

tion of pulsations was studied along 57°–60°, 65°–66°, 

and 68°–71° latitude ranges, and propagation of vortices 

was analyzed relative to the selected stations providing 

two-dimensional coverage. Also shown are measure-

ment errors calculated from instrumental measurement 

errors of the physical parameters used with a confidence 

level of 95 %. Positive velocities correspond to west-

ward propagation; negative ones, to eastward propaga-

tion. Westward propagation of both Pc5 pulsations and 

vortices is seen (panels a, b) to prevail in both events, 

which exhibit an increase in velocity from 5–10 to 20–

25 km/s in the 04–06 MLT sector, and then its decrease to 

the initial value, well pronounced on February 15, 2011. 
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Table 2 

Coordinates of ground-based magnetometric stations, 

used to study the dynamics of vortices of equivalent ionospheric currents 

Abbreviation Network 
Geographic coordinates 

Corrected 

geographic coordinates 

latitude longitude latitude longitude 

NAL 

Im 

78.92 11.95 76.57 109.96 

LYR 78.20 15.83 75.64 111.03 

HOR 77.00 15.60 74.52 108.72 

SOR 70.54 22.22 67.8 106.04 

HOP 76.51 25.01 73.53 114.59 

BJN 74.50 19.20 71.89 107.71 

NOR 71.09 25.79 68.19 109.28 

SOR* 70.54 22.22 67.80 106.04 

KEV 69.76 27.01 66.82 109.22 

IVA 68.56 27.29 65.60 108.61 

MUO 68.02 23.53 65.19 105.23 

SOD 67.37 26.63 64.41 107.33 

THL 

Gr 

77.47 290.77 84.72 29.24 

SVS 76.02 294.9 83 32.87 

KUV 74.57 302.82 80.69 41.92 

UPN 72.78 303.85 78.93 40.20 

UMQ 70.68 307.87 76.38 42.58 

GDH 69.25 306.47 75.25 39.39 

ATU 67.93 306.43 73.99 38.19 

STF 67.02 309.28 72.64 40.87 

SKT 65.42 307.10 71.43 37.22 

GHB 64.17 308.27 69.98 37.85 

FHB 62.00 310.32 67.41 39.05 

NAQ 61.16 314.56 65.75 43.19 

RES 

USA E-Gr 

74.69 265.11 82.93 –35.54 

TAL 69.54 266.45 78.51 –27.95 

GHC 68.6 264.10 77.51 –31.76 

BLC 64.33 263.97 73.61 –30.09 

RAN 62.82 267.89 72.45 –23.12 

FCC 58.76 265.92 68.5 –25.57 

GIM 56.38 265.36 66.16 –26.08 

ISL 53.86 265.34 63.70 –25.79 

PIN 50.2 263.96 59.96 –27.43 

CBB 

USA C-E 

69.1 255.00 77.04 –47.75 

YKC 62.48 245.52 69.42 –56.85 

SMI 60.02 248.05 67.47 –52.29 

FMC 56.66 248.79 64.28 –50.02 

MEA 54.62 246.65 61.85 –52.1 

ROT 51.07 245.87 58.1 –52.01 

C06 53.35 247.03 60.64 –51.24 

RED 52.14 246.16 59.25 –51.96 

LET 49.64 247.13 56.88 –50.07 

NEW 48.27 242.88 54.65 –54.82 

T19 47.61 245.33 54.45 –51.74 

T25 45.14 241.07 51.06 –56.04 

IGC 

USA W-C 

69.30 278.20 78.43 –5.39 

CY0 70.5 291.4 78.52 18.88 

RPB 66.50 273.80 75.99 –13.55 

CDC 64.20 283.40 73.47 3.04 

T29 58.10 291.60 66.70 14.25 

T31 56.50 280.80 66.31 –1.92 

T32 49.40 277.70 59.52 –6.97 

T51 48.05 282.22 57.62 –0.74 

OTT 45.40 284.45 54.81 2.25 
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Table 3 

Coordinates of satellites in the magnetosphere in the GSM system for each event 

№ 
Date UT Satellites 

GSM coordinates, Re 

X Y Z 

1 12.01.2008 08:00 

Themis C –7.05 –8.45 –2.26 

Themis D –9.89 –5.32 –3.50 

Themis E –9.97 –4.34 –3.60 

2 15.02.2011 07:00 

Themis D –4.99 –4.41 –0.67 

Themis E –5.13 –5.51 –0.74 

Themis A –5.27 –6.03 –0.82 

 

 

Figure 1. Medium parameters in the magnetosphere meas-

ured by THEMIS: ion concentration (a), Vx, Vy, Vz components 

of the ion velocity (b–d); B, Bx, By, Bz components of the geo-

magnetic field (e–h); variations in the geomagnetic field H 

component at ground-based stations (i) 

 

Figure 2. Azimuthal profiles of the geomagnetic field H 

component at 65°–66° magnetic latitudes in the February 15, 

2011 event 

It follows from the analysis that the azimuthal velocities 

of the vortex centers are generally consistent in magni-

tude and direction with the velocities of the geomagnet-

ic pulsations. The velocities are 5–25 km/s, but for some 

vortices they exceed 36 km/s. The dynamics of the azi-

muthal velocity of TCVs in longitude in [Lühr et al., 

1996] (2.5 km/s at 10:45 MLT followed by an increase 

to 7.4 km/s at 06:50 MLT) matches that we obtained. 

Velocities of two vortices in [Amm et al., 2002] were 7 

and 3 km/s; in [Chinkin et al., 2020], 3.9 and 1.3 km/s 

with westward propagation, which also agrees with our 

results. Comparable azimuthal propagation velocities of 

9.5 km/s at high latitudes were observed in [Dmitriev, 

Suvorova, 2023] when studying the magnetosheath jet 

shift from the noon sector to the dusk one. The latitude 

of centers of EIC vortices is seen (c, d) to linearly de-

pend on MLT — it decreases by 10°–15° toward early 

hours (marked with vertical arrows). A similar depend-

ence is also demonstrated by the latitudes at which the 

maximum amplitude of geomagnetic pulsations (field 

line resonance oscillations) is recorded, they coincide 

quite well with the latitudes of the centers of EIC vorti-

ces. The field line resonance oscillation latitudes are 

estimated from the amplitude and phase variations along 

the meridional profiles of magnetic stations located in 

regions where the dynamics of EIC vortices was exam-

ined (not shown). The resonance condition was consid-

ered to be the latitudinal maximum of pulsation ampli-

tude, accompanied by a phase shift of ~180°, as pro-

posed in [Glassmeier et al., 1999]. 

Figure 5 illustrates variations in the Vx component of 

the ion velocity from satellites (Th D, E, A) (a), time 

variations in magnetic field hodographs (Bx component 

is along the X-axis; By, along the Y-axis) obtained by 

the satellites (b); magnetic field hodographs from the 

ThD satellite (c) and ground-based station T31 (d) at 

6:50–7:10 UT and 7:10–7:30 UT. The satellite and 

ground-based observations were filtered in the Pc5 range. 

Satellite data is given in the GSM coordinate system. 

The phase delays in the oscillations between the ThD, 

ThE, and ThA satellites indicate wave propagation to the 

nightside. Phase propagation velocities between the satel-

lites were calculated as the ratio of the distance between 

the satellites in the XY plane to the oscillation delay be-

tween them, VvelD_E=235.75, VvelE_A=114.49 km/s 

(VvelC_D=449.27 km/s in the January 12, 2008 event). Thus, 

the propagation velocities in the magnetosphere are 5–10 

times higher than the maximum azimuthal propagation  
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Figure 3. Distributions of equivalent ionospheric currents along arrays of stations Im (a) and Gr (b), USA E-Gr (c), USA C-E 

(d), USA W-C (e). The gray solid line is the vortex contour at the final moment of time; white lines in each panel indicate the 

trajectory of the vortex center shift in the time intervals indicated by numbers 
 

velocity of 25 km/s according to ground observations, 

but do not exceed Alfvén velocities 620–1006 km/s in 

the magnetosphere. 

The similarity between the oscillation hodographs ob-

tained by different satellites (b) allows us to estimate phase 

delays in the resulting vector of oscillations of the magnetic 

field Bx and By components, VMF_D_E=151, 

VMF_E_A=79.5 km/s. The phase propagation velocities 

found from the ion velocity are comparable to the propaga-

tion velocities in the magnetic field. The phase velocities 

from satellites are close to the plasma flow velocity (usual-

ly ~100 km/s). In [Zhang et al., 2022], the phase velocity 

of propagation between satellites was ~400 km/s. 

Comparison between polarizations of magnetic field 

vectors from the ThD satellite and ground station T31 

(panels b, d) suggests that polarization of oscillations in 

the magnetosphere and ionosphere is elliptical, has the 

opposite direction, and tilts of the axes of the polariza-

tion ellipses are the same in both geospheres. The oppo-

site direction of rotation is typical of Alfvén oscillations 

and corresponds to a 90° phase rotation. To compare the 

propagation velocities on Earth and in the magneto-

sphere, the ground stations located along 68°–71° mag-

netic latitudes were projected onto the equatorial plane 

of the magnetosphere, using the Tsyganenko model 

Ts04 [Tsyganenko, Sitnov, 2005]. The projection of the 

ground stations and the position of the satellites in the 

equatorial plane of the magnetosphere on February 15, 

2011 at 07:00 UT are depicted in Figure 6. Distances 

between the stations in the magnetosphere were estimated 

in the XY plane; and from ground time delays, the signal 

propagation velocities VSCO_GHB=68.1, VGHB_IQA=21.2, 
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Figure 4. Distribution of azimuthal propagation velocities of geomagnetic pulsations and vortex centers of equivalent iono-

spheric currents relative to MLT (magnetic longitude) in the February 15, 2011 (a) and January 12, 2008 (b) events. Values are 

presented for 68°–71°, 65°–68°, 57°–60° latitude ranges. Positive velocities correspond to westward propagation; negative ones, 

to eastward propagation. Distribution is shown of the geomagnetic latitude of EIC vortices relative to MLT; black dots are the 

geomagnetic latitudes at which FLR oscillations were recorded in the same events on February 15, 2011 (c) and January 12, 2008 (d) 

 

VIQA_FCC=19.7 km/s. The obtained velocities are of the 

same order as the propagation velocities from satellite ob-

servations in the magnetosphere and match the maximum 

velocities from ground-based observations. 

Figure 7 exhibits variations of the Umov—Poynting 

vector S=[EH] obtained by the ThE satellite in MFA 

(mean field aligned) coordinates. The field-aligned 

component is directed along the mean geomagnetic 

field, the azimuthal component is perpendicular to the 

magnetic meridian (positive in an easterly direction), the 

radial component is the vector product of the azimuthal 

component by the field-aligned one (positive direction 

toward higher L-shells): field-aligned — S0 (a), azi-

muthal — Sa (b), radial — Sr (c) components; below in 

panels (d, e, f) are magnetic and electric field variations 

corresponding to these components, and phase shifts be-

tween them (g). In the S0 component, the oscillation fre-

quency is about 2 times higher than in the Sr component. 

The oscillation frequency in the Sa component at the be-

ginning of the interval is about 2 times higher than at its 

end, the oscillations in this component are not as regular 

as in the S0 component. Analysis of phase shifts shows 

that oscillations in the S0 and Sr components are shifted 

by an angle of +/–200°; and in the Sa component, by 90°–

100°, which corresponds to a standing wave under field 

line resonance. Different oscillation frequencies recorded 

by this satellite are also observed in measurements of 

plasma detectors, the oscillation frequency in the ion con-

centration (see Figure 1, a) is twice as high as that in their 

velocity (see Figure 1, b–d). Thus, waves of different 

types were simultaneously detected by this satellite. 

Oliveira et al. [2020] address the question as to 
whether oscillations at fundamental and second harmon-
ic frequencies can be simultaneously observed during 

field line resonance. The authors show that oscillations 
with different frequencies have different sources: oscil-
lations with fundamental frequency are mainly excited 
by the interaction of interplanetary shock waves (ISW) 
with the magnetosphere, which do not have a tilt in the 
XZ plane; oscillations at the second harmonic frequen-
cy, by oblique ISW. Thus, we can hold that for the ThE 
satellite the oscillations with a multiple frequency are 
not different harmonics excited by resonance. 
 

4. DISCUSSION 
We have analyzed the azimuthal dynamics of Pc5 

pulsations and their equivalent current systems in the 
magnetosphere and ionosphere in an extended longitude 
sector (0–12 MLT). We have found that vortex signa-
tures in the magnetosphere propagate in the same direc-
tion as in the ionosphere, at velocities 5–10 times higher 
than the maximum azimuthal propagation velocity (25 
km/s), as derived from ground-based observations. The 
velocities from ground-based and satellite observations 
are consistent with the results of other studies. In addi-
tion, our research has allowed us to identify some fea-
tures, which are described below. 

 

4.1. Dynamics of Pc5 geomagnetic pulsations 

and equivalent current vortices 

The current system of Pc5 pulsations displayed in 
Figure 3, which represents Hall current vortices, allows 
them to be attributed to TCV events — isolated impulsive 
disturbances in the geomagnetic field consisting of two or 
more pulses of opposite polarity and observed on the 
dayside at high latitudes. As follows from Figures 3, 4, 
the vortices moved not only to the west, but also along 
the meridian, as well as to the east. The coincidence of 
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the propagation velocities of pulsations and vortices in 
magnitude and direction suggests that either the dynam-
ics of vortices is the primary cause of pulsation propa-
gation, or propagation of both vortices and pulsations 
has a common cause, for example, propagation of an 
MHD wave in the magnetosphere. 

Azimuthal propagation from the nightside to the 

dayside can be explained as follows: Klibanova et al. 

[2016] has established that Pc5 pulsations mainly prop-

agate from the dayside to the nightside, yet opposite 

propagation was also recorded. The authors attributed 

this to the excitation of oncoming waves due to recon-

nection in the nightside magnetosphere. In the present 

study, the events occurred under quiet conditions (there 

were no substorms), so we can assume that oncoming 

waves are excited due to reflection from the inner surface 

 

Figure 5. Variations in the ion velocity component V  

from satellites (Th D, E, A) (a), magnetic field hodographs 

from satellites (b), magnetic field polarization from the 

ThD satellite (c), magnetic field polarization from ground 

station T31 (d). The data is filtered in the Pc5 range 

 

Figure 6. Projection of ground stations located along 68°–

71° magnetic latitudes (circles) and position of satellites (dia-

monds) in the equatorial plane of the magnetosphere on Feb-

ruary 15, 2011 at 07:00 UT 

 

Figure 7. Variations in the Umov—Poynting vector rec-

orded by the ThE satellite: field-aligned (a), azimuthal (b), 

radial (c) components, field-aligned (d), azimuthal (e), radial 

(f) components of the magnetic field, and azimuthal and radial 

components of the electric field from the ThE satellite, and 

phase shifts between them. In panels d, e, f, the magnetic field 

is marked in blue; and the electric field, in red 

 
of the resonator, in which pulsations are generated. Note 
that the existence of such a resonator was reported in [Ma-
zur, Leonovich, 2006]. 

This study allows us to compare phase velocities of 
pulsation propagation and group velocities of vortex 
propagation: analysis of Figure 4 a, b shows that these 
velocities are close. If in the February 15, 2011 event the 
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vortex velocities were close to zero (see Figure 5, a), in 
the January 12, 2008 event they mostly exceeded the pul-
sation velocities. 

4.2. Magnetospheric projection of vortices of 
equivalent ionospheric currents 

Zesta et al. [2002] have observed that TCVs have 
resonance characteristics. At the same time, Figure 4 c, d 
indicates that geomagnetic latitudes of EIC vortices 
coincide with the latitudes at which FLRs occurred. 
Thus, the results of this work on the agreement between 
positions of vortices and field line resonances are con-
firmed by earlier studies.  

Figure 4 c, d also shows that latitudes of vortices and 
field line resonances decreased to earlier MLT. The dis-
placement of vortices to lower latitudes is probably due to 
the fact that resonance oscillations occur at higher frequen-
cies and hence on shorter field lines. Variations in reso-
nance oscillation frequencies are probably caused by sig-
nificant spatial variations in the geomagnetic field strength 
modulus in the region where vortices were detected, as 
shown in the IGRF-13 model [Alken et al., 2021]. 

The magnetospheric location of the vortices in both 
events considered corresponds to the plasma sheet (see 
position of satellites in Table 3) and is projected onto 
closed field lines. Comparison of the vortex latitudes in 
Figure 4 c, d with the results of MHD modeling ob-
tained in [Maffei et al., 2023] also shows that the vortex 
latitudes are located south of the boundary of closed and 
open field lines. Projection of vortices on closed lines is 
consistent with the results received in [Yahnin, Moretto, 
1996], in which the authors found that the projection of 
vortices, presumably having a source located in SW, 
turned out to be deep in the magnetosphere. We can 
assume that vortices in the plasma sheet arise due to an 
indirect effect — generation of shear flows [Kakad et al., 
2003], which accompanies a resonance phenomenon in the 
magnetosphere. 

 

4.3. Simultaneous detection of fast magneto-

sonic and Alfvén waves 

Observation of oscillations of different frequencies by 
one satellite, as in the February 15, 2011 event (see Figures 
1, 6), has been described by Korotova et al. [2020]; the 
authors interpreted them as compression mode oscillations 
(field-aligned oscillations) recorded near the geomagnetic 
equator. At the same time, oscillations with twice the peri-
od were interpreted as transverse oscillations.  

In the February 15, 2011 event, the ThE satellite was 
in the equatorial plane and simultaneously recorded a 
fast magnetosonic wave in the field-aligned component 
of the Umov—Poynting vector (see Figure 7, a) and in 
the ion concentration (Figure 1, a), as well as an Alfvén 
wave in the azimuthal, radial components (Figure 7, b), 
and in velocity variations (see Figure 1, b–d), which 
carried the field-aligned current. The vortices we ob-
serve are likely to correspond to the ionospheric foot-
points of these field-aligned currents. 

 

CONCLUSION 

From the analysis we can draw the following con-
clusions. Vortex signatures in the magnetosphere prop-

agate in the same direction as in the ionosphere at veloc-
ities 5–10 times higher than the maximum azimuthal 
propagation velocity (25 km/s), as derived from ground-
based observations. We have established that the phase 
velocities of propagation of Pc5 geomagnetic pulsations 
coincide in magnitude and direction with the group ve-
locities of vortices in the events considered. The geo-
magnetic latitudes of EIC vortices are shown to match 
the latitudes at which field line resonances were ob-
served. These latitudes decrease toward earlier MLT. 

Taking into account that azimuthal propagation of 

pulsations and vortices occurs both from the dayside to 

the nightside and in the opposite direction, we believe 

that the observed dynamics reflects the behavior of 

MHD wave propagation in the magnetosphere. 
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