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Abstract—The level of wave geomagnetic activity in the morning and daytime sectors of auroral latitudes dur
ing strong magnetic storms with Dstmin varying from –100 to –150 nT in 1995–2002 have been studied using
a new ULF index of wave activity proposed in [Kozyreva et al., 2007]. It has been detected that daytime Pc5
pulsations (2–6 mHz) are most intense during the main phase of a magnetic storm rather than during the
recovery phase as was considered previously. It has been indicated that morning geomagnetic pulsations dur
ing the substorm recovery phase mainly contribute to daytime wave activity. The appearance of individual
intervals with the southward IMF Bz component during the magnetic storm recovery phase results in
increases in the ULF index values.
PACS numbers: 94.30.Ms, 94.30.Lr
DOI: 10.1134/S0016793208040099

1. INTRODUCTION
It is known that Pc5 pulsations in the frequency
range 2–6 mHz are most typical morning and daytime
geomagnetic pulsations in the magnetosphere.
Numerous satellite observations in the Earth’s mag
netosphere also indicated that Pc5 geomagnetic pulsa
tions at distances of R ≥ 6–8 RE are typical daytime
phenomenon. As a rule, these oscillations have the
aligned and transverse components of the same order.
Numerous publications are devoted to studying the
morphological characteristics and physical origin of
generation of Pc5 pulsations.
Generation of pulsations is of prime importance in
the processes of energy transfer in the solar wind–
Earth’s magnetosphere system. Many works (see, e.g.
[Antonova, 2000; Borovsky and Funsten, 2003]) indi
cated that these processes are nonstationary and tur
bulent. Energy is transferred most effectively during
magnetic storms. Different magnetic storms are char
acterized by different levels of wave geomagnetic
activity. However, none of the geomagnetic index used
in geophysics (Kp, Ap, AE, AL, Dst, SYMH, PC)
reflects the level of wave activity. A special index
should be used to estimate wave intensity.
The first attempts to create the activity index of Pc5
geomagnetic pulsations were made at the end of the past
century. Thus, Glassmeier [1995] proposed to use the
ratio of the pulsation energy in a relatively narrow band
to the energy in a wide band. This index was useful in
studying narrowband quasimonochromatic Pc5 pulsa
tions. A similar parameter, defined as a ratio of the pul
sation power in the band 2–10 mHz to such a power at
0.2–10 mHz, was used by Posch et al. [2003] in order to

study Pc5 pulsations during five magnetic storms. This
allowed the researchers to suggest that the storm initial
phase is characterized by an excitation of broadband
geomagnetic pulsations during all intervals of local
time, and the recovery phase is characterized by a gen
eration of morning narrowband pulsations; i.e., the
results of the previous works (see, e.g. [Troitskaya et al.,
1965]) were confirmed. However, Posch et al. [2003]
analyzed observations at stations located in one longitu
dinal sector, which could not completely reflect wave
activity on the global scale.
O'Brien et al. [2001] used the observations at
11 stations of the INTERMAGNET network, located
at L = 3.5–7.0, in order to calculate wave activity.
They calculated the Fourier spectrum of the total field
vector for each station (all three components were
taken into account) in a 2h sliding window in the
150–600 s range of periods. Then, the station where
the oscillation power was maximal was selected, but
the station local time was not taken into account in
this case. As a result, nighttime oscillations in this
range, which belong to the class of irregular Pi3 pulsa
tions, participated in the estimation of wave activity. In
addition, it is insufficiently correct to use the total field
vector since the Z field component is very sensitive to
local geoelectric inhomogeneities.
Since an analysis of groundbased observations at
one selected observatory or at any one meridian does
not give information about the level of wave activity on
the global scale, a new index was developed in order to
estimate global wave activity in the daytime (0300–
1800 MLT) sector of the magnetosphere [Kozyreva et
al., 2007]. In the English literature, it is accepted to
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Fig. 1. The location of the observatories in the Northern Hemisphere, which were used to calculate the ULF index; solid and
dashed lines show geomagnetic and geographic coordinates, respectively.

call the frequency band 1–10 mHz ULF (ultralow fre
quency) band; therefore, the proposed index was
called the ULF index. Romanova et al. [2007] used the
ULF index to study acceleration of energetic electrons
in the Earth’s magnetosphere. The aim of the present
work is to estimate the level of daytime wave geomag
netic activity during different phases of strong mag
netic storms using the ULF index.
2. BRIEF DESCRIPTION
OF THE ULF INDEX
To calculate the surface ULF index, one uses 1min
data of observations at the global groundbased net
work of magnetometers in the Northern Hemisphere,
including more than 60 stations (INTERMAGNET,
MACCS, 210 MM, and Greenland and Russian Arc
tic coast). Figure 1 presents the map of location of the
observatories used to calculate the ULF index. The sta
tions are automatically selected for each hour of day,

depending on the specified range of geomagnetic lati
tudes, in order to calculate the hourly values of the
ULF index. The Fourier spectra are first calculated for
these stations in a 1h window for two horizontal com
ponents of the geomagnetic field. Only the stations
with the highest signal level exceeding the K*max{Tj}
level, where Tj is the calculated amplitude of the ith
station horizontal component, and K = 0.5–1.0 (at
K = 1, only one station with the maximal value of the
spectral maximum in the specified frequency range is
used) are finally used to calculate the global ULF index
(the logarithm of the maximal oscillation amplitude
during the selected hour). The technique for calculat
ing the ULF index is considered in more detail in
[Kozyreva et al., 2007].
The ULF index for the nearEarth space is consid
ered in a similar way. The data of the GOES geosta
tionary satellites are used in this case. The data of the
WIND, ACE, IMP8, or 1min OMNI data
(ftp://nssdcftp.gsfc.nasa.gov/spacecraft_data/omni/
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high_res_omni/monthly_1min/) are used to calculate
the ULF index in order to estimate IMF wave activity.
The database of the ULF index hourly values can
easily be obtained from the Internet site
ftp://space.augsburg.edu/MACCS/ULF_index. The
data for each month of a year are presented as tables
and figures. The ULF index values on the Earth’s sur
face and in the nearEarth and interplanetary space
are completed with the data on the solar wind velocity
(V) and density (N), IMF Bz component, and Dst
index. The initial magnetograms (of the groundbased
magnetometers and geostationary and removed satel
lites), used to calculate the ULF index, are additionally
presented for each day in the special directory. By the
present, the ULF index has been calculated for the
period 1991–2003, but this base is still widened and
becomes more exact.
3. ANALYSIS OF DAYTIME WAVE ACTIVITY
To analyze geomagnetic pulsations of the Pc5 type
at frequencies of 2–6 mHz, we calculated the ULF
wave index for the morning–daytime sector (0300–
1500 MLT) of auroral latitudes (Φ = 60°–70°).
First, the background level of wave turbulence (i.e.,
the level of daytime ULF activity during the magneti
cally quiet period) was determined. The days with
|Dst| < 20 nT and Kp < 2 were selected for 1995–2001
(605 days, including 207 days in winter, 253 days in
summer, and 145 days during the periods of vernal and
autumnal equinoxes). The average value of the ULF
index under quiet conditions was 0.29 ± 18. In this case
the ULF index value in summer (0.32) was larger than
in winter (0.26) and in the equinox (0.27). This is
apparently the result of the ionospheric effect on the
level of wave turbulence on the Earth’s surface (see
[Kozyreva et al., 2006]).
To study the level of morning–daytime ULF activ
ity during different phases of a magnetic storm, we
selected 19 strong storms with the Dst index varying
from –100 to –150 nT at a maximum of the storm
main phase and with a duration of not more than a day
from the storm commencement to the main phase
maximum. We did not consider the socalled “double
storms” [Kamide et al., 1998; Tsurutani et al., 1999],
when the storm main phase is composed of two mini
mums following each other at an interval of several
hours. We continued studying using the superposed
epoch method. The universal time of the minimal Dst
index value during the magnetic storm main phase was
taken as a reference point. The time interval of 48 h
(i.e., a day before and after the Dst minimum) was ana
lyzed for each storm. The results of an analysis are
shown in Fig. 2, where the plots of the Dst index hourly
values (the upper panel) and the ULF index (surface,
magnetospheric, and interplanetary) are presented for
all studied storms, and thick lines show the average
hourly value and rms deviation (±σ).
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We now consider the features of the surface ULF
index (Fig. 2b). It is clear that the intensity of the day
time geomagnetic pulsations in the Pc5 range increases
and considerably exceeds the background values at the
beginning of a magnetic storm. It was indicated
[Kozyreva et al., 2004; Kozyreva and Kleimenova,
2007] that, during the storm initial phase, most intense
geomagnetic pulsation in the range 1–6 mHz are
observed in the polar cap daytime sector and apparently
result from a direct penetration of hydromagnetic waves
from the interplanetary space. Part of such oscillations
probably penetrates to auroral latitudes.
The performed studies indicated (Fig. 2) that day
time wave activity is maximal during the storm main
phase rather than during the recovery phase as was con
sidered previously. The scatter of the surface ULF index
values is also minimal during the storm main phase.
The amplitude of the daytime oscillations rapidly
decreases at the early stage of the magnetic storm
recovery phase. At the late stage of this phase, average
activity of ULF waves remains almost unchanged for a
long time. However, the rms deviation (σ) considerably
increases in this case as compared to the storm main
phase. Note that the oscillation amplitude becomes not
larger than the background values in some cases and,
on the contrary, abruptly increases and can even be
larger than the amplitude values during the storm main
phase in several other cases (Fig. 2).
The variations in the ULF index during four mag
netic storms are presented in detail in Fig. 3, where the
variations in the Dst index, IMF Bz component, solar
wind density (N) and velocity (V), and surface ULF
index are shown. Sudden commencement of magnetic
storms (Figs. 3a–3d) was characterized by a consider
able jump of the solar wind density and velocity and
was accompanied by an abrupt increase in the ULF
index (the pulsation amplitude increased by more than
an order of magnitude in this case). It has long been
known that geomagnetic pulsations are generated dur
ing storm sudden commencement (SC) (see, e.g.
[Gogatishvili, 1976]). Note that all three considered
storms developed at very large (to ~40 cm–3) and aver
age (~400–450 km s–1) values of the solar wind density
and velocity, respectively.
The southward turning of the IMF Bz component
and the development of the magnetic storm main
phase were accompanied by a gradual increase in the
ULF index in all considered cases in spite of an abrupt
decrease in the solar wind density to the background
values during isolated storms (Figs. 3a, 3b). During the
main phase of the magnetic storms shown in Figs. 3c
and 3d, the values of the solar wind velocity remained
large; however, the value of the ULF index was approx
imately identical during the main phase of all four
considered storms. The value of the ULF index started
decreasing when the IMF Bz component turned
northward and the storm recovery phase developed.
However, the appearance of individual intervals with
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Fig. 2. Averaged variations in the Dst and ULF indices on the Earth’s surface, in the magnetosphere, and in the interplanetary
space during 19 magnetic storms.
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Fig. 3. Examples of variations in the Dst index IMF Bz component, solar wind density (N) and velocity (V), and the groundbased
ULF index during four magnetic storms.
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negative IMF Bz values during this storm phase was
accompanied by a shortterm increase in the ULF
index (Fig. 3c). Note that a gradual increase in the
solar wind velocity did not result in an increase in wave
activity at that time.
4. DISCUSSION OF RESULTS
Very many works are devoted to studying Pc5 geo
magnetic pulsations; however, the nature and spatial
features of these oscillations have been studied insuffi
ciently. In many respects this is related to the fact that
the class of Pc5 pulsations combines different types of
oscillations with periods in the same range but with
different generation origin. In contrast to other types
of geomagnetic pulsations, Pc5 oscillations are char
acterized by not only large periods but also huge
amplitudes, reaching 30–100 nT at auroral latitudes
and 300–600 nT under the conditions of strong mag
netic disturbance (see, e.g. [Kleimenova and
Kozyreva, 2005]).
It is considered that the Kelvin–Helmholtz insta
bility at the magnetopause or in the entrance layers of
the magnetosphere is the main generally accepted
source of Pc5 pulsations. This can be confirmed by an
increase in the amplitude of Pc5 pulsations with
increasing solar wind velocity detected in several works
(see, e.g. [Engebretson et al., 1998] and references
therein). In addition to field line resonance, Pc5 pul
sations in the magnetosphere can also be generated
due to the development of the drift–mirror instability
of the ring current under the conditions of large β (see
[Pilipenko, 1990] and references therein). These
waves have large azimuthal numbers (m ~ 50–100),
are mainly registered on satellites, and are as a rule not
observed on the Earth’s surface. In addition, morning
Pc5 pulsations can result from oscillations of the
threedimensional current system of the westward
electrojet (see, e.g. [Motoba et al., 2002]). Generation
of the global magnetospheric cavity mode in the
Earth’s magnetosphere can be one more source of Pc5
pulsations (see, e.g. [Kivelson et al., 1984]). In this
case poloidal oscillations, which are characterized by
a considerable compression component in the radial
direction, originate in the magnetosphere. Such oscil
lations were often observed on geostationary satellites
in the postnoon sector of the Earth’s magnetosphere
(see, e.g. [Hudson et al., 2004]). Oscillations can also
result from a direct penetration of waves from the solar
wind (see, e.g. [Kepko et al., 2002]). Thus, ULF pul
sations can result from the simultaneous action of dif
ferent sources.
Comparing the variations in the level of ground
based (Fig. 2b) and intramagnetospheric (Fig. 2c)
activity, we can state that daytime wave turbulence in
the magnetosphere increases faster and more intensely
than on the Earth’s surface at the beginning of strong
magnetic storms. Consequently, geomagnetic pulsa
tions on the Earth’s surface represent only part of

magnetospheric wave activity. Among other sources,
these pulsations are also caused by hydromagnetic
waves in the solar wind (Fig. 2d), which can penetrate
immediately into the magnetosphere (see, e.g. [Kepko
et al., 2002]). A comparison of Figs. 2c and 2d indi
cates that the level of wave turbulence in the solar wind
during the storm main phase is even slightly lower than
during the initial phase, whereas this level sharply
increases in the magnetosphere. This makes it possible
to assume that wave activity in the Earth’s magneto
sphere mostly results from the action of intramagneto
spheric mechanisms.
It is known that the main phase of a magneto
spheric storm is accompanied by the development of
magnetospheric substorms and irregular geomagnetic
pulsations. One would think that wave activity during
the storm main phase should also be higher in the
nighttime sector than in the daytime one. However,
our studies indicated that the pattern is opposite
(Fig. 2). To understand this situation, we constructed
the maps of the global distribution of the geomagnetic
pulsation intensity (nT/ mHz ) in the frequency band
corresponding to the oscillation spectral maximum in
coordinates corrected geomagnetic latitude (CGM)
and magnetic local time (MLT) for the time intervals
near the maximum of the magnetic storm main phase.
As an example, we demonstrate two maps for the
magnetic storm of August 17–18, 2001 (Fig. 4), the
main phase of which is illustrated in Fig. 3d, and the
magnetograms of the stations located in the Earth’s
morning (CMO, CHD, TIX) and nighttime (SOD)
sectors. The maps indicate that activity of Pc5 pulsa
tions in the morning sector is higher than in the
evening and nighttime sectors. Intense Pc5 pulsations
as a rule develop during the substorm recovery phase.
Thus, the substorm, caused by a sudden change in the
solar wind density, began at about 1845 UT (Fig. 3d).
The substorm onset in the evening sector was accom
panied by a shortterm burst of irregular pulsations of
the Pi3 type, which is shown at 1600–2000 MLT on
the upper map (Fig. 4). In this case Pc5 pulsations,
which were most intense near CMO (0800 MLT) and
were used to calculate the ULF index, were simulta
neously observed in the morning sector (0200–
0800 MLT). The second map, constructed for 2000–
2100 UT (Fig. 4), corresponds to the substorm devel
opment phase, which was observed at that time near
local midnight (SOD) and was not accompanied by
nighttime geomagnetic pulsations. Intense oscilla
tions, which were used to calculate the ULF index,
were simultaneously registered in the morning sector
during the late recovery phase of the previous sub
storm. The situation was approximately the same dur
ing all studied storms. This allows us to conclude that
morning geomagnetic pulsations during the substorm
recovery phase mainly contribute to daytime wave
activity in the course of the magnetic storm main phase.
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Fig. 4. An example of magnetograms for the morning (CMO, CHD, TIX) and nighttime (SOD) sectors and the maps of the spa
tial distribution of global ULF activity during the main phase of the magnetic storm of August 17–18, 2001, illustrated in Fig. 3d.
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5. CONCLUSIONS
We analyzed the level of daytime wave geomagnetic
turbulence at frequencies of Pc5 pulsations (2–
6 mHz) during 19 strong magnetic storms (Dstmin var
ied from –100 to –150 nT), using a new ULF index of
wave activity. We found out that the intensity of day
time geomagnetic pulsations at auroral latitudes is
maximal during the magnetic storm main phase rather
than during the recovery phase as was considered pre
viously. We indicated that geomagnetic pulsations dur
ing the substorm recovery phase mainly contribute to
daytime wave activity in the course of the magnetic
storm main phase. At the beginning of a magnetic
storm, daytime wave turbulence in the magnetosphere
increases faster than on the Earth’s surface. This indi
cates that only part of the wave energy can reach this
surface. The value of the ULF index decreases when
the IMF Bz component turns northward and the storm
recovery phase develops.
Note that these results were obtained when we ana
lyzed strong magnetic storms related to interplanetary
magnetic clouds that approached the Earth. During
the main phase of such storms, substorms usually
develop not only in the nighttime sector but also in the
evening and morning sectors. In the case of weak and
moderate storms, caused by highspeed streams from
coronal holes (see, e.g. [Zhang et al., 2006]), regulari
ties can be different since main substorm activity is as
a rule registered only in the nighttime sector.
ACKNOWLEDGMENTS
This work was supported by the Presidium of the
Russian Academy of Sciences, program 16.
REFERENCES
1. E. E. Antonova, “Large Scale Magnetospheric Turbu
lence and the Topology of Magnetospheric Currents,”
Adv. Space Res. 26 (7/8), 1567–1570 (2000).
2. J. E. Borovsky and H. O. Funsten, “Role of Solar Wind
Turbulence in the Coupling of the Solar Wind to the
Earth’s Magnetosphere,” J. Geophys. Res. 108A, 1246
(2003).
3. M. J. Engebretson, K.H. Glassmeier, and M. Stellma
cher, “The Dependence of HighLatitude Pc5 Power
on Solar Wind Velocity and Phase of HighSpeed Solar
Wind Streams,” J. Geophys. Res. 103, 26 271–26 283
(1998).
4. K. H. Glassmeier, “ULF Pulsations,” in Handbook of
Atmospheric Electrodynamics, Ed. by H. Volland, (CRC
Press, Boca Raton, 1995), Vol. II, pp. 463–502.
5. Ya. M. Gogatishvili, “Interplanetary Magnetic Field
and LongPeriod Geomagnetic Pulsations at Midlati
tudes,” Geomagn. Aeron. 16 (2), 382–384 (1976).
6. M. K. Hudson, R. E. Denton, M. R. Lessard, et al., “A
Study of Pc5 ULF Oscillations,” Ann. Geophys. 22,
289–302 (2004).
7. Y. Kamide, N. Yokoyama, W. D. Gonzalez, et al.,
“TwoStep Development of Geomagnetic Storms,”
J. Geophys. Res. 103, 6917–6921 (1998).

8. L. Kepko, H. E. Spenc, and H. J. Singer, “ULF Waves
in the Solar Wind as Direct Drivers of Magnetosphere
Pulsations,” Geophys. Res. Lett. 29 (8), GL014405
(2002).
9. M. G. Kivelson, J. Etcho, and J. G. Trotignon, “Global
Compressional Oscillations of the Terrestrial Magneto
sphere: The Evidence and a Model,” J. Geophys. Res.
89, 9851–9856 (1984).
10. N. G. Kleimenova and O. V. Kozyreva, “Intense Pc5
Geomagnetic Pulsations during the Recovery Phase of
the Superstorms in October and November 2003,”
Geomagn. Aeron. 45 (5), 597–612 (2005) [Geomagn.
Aeron. 45, 562–576 (2005)].
11. O. V. Kozyreva and N. G. Kleimenova, “Geomagnetic
Pulsations and Magnetic Disturbances during the Ini
tial Phase of a Strong Magnetic Storm of May 15,
2005,” Geomagn. Aeron. 47 (4), 501–511 (2007)
[Geomagn. Aeron. 47, 470–480 (2007)].
12. O. V. Kozyreva, N. G. Kleimenova, A. E. Levitin, and
J. Vatermann, “LongPeriod Geomagnetic Pulsations
in the QuasiConjugate Arctic and Antarctic Regions
during the Magnetic Storm of April 16–17, 1999,”
Geomagn. Aeron. 46 (5), 657–670 (2006) [Geomagn.
Aeron. 46, 622–634 (2006)].
13. O. V. Kozyreva, N. G. Kleimenova, and J.J. Schott,
“Geomagnetic Pulsations at the Initial Phase of a Mag
netic Storm,” Geomagn. Aeron. 44 (1), 37–46 (2004)
[Geomagn. Aeron. 44 (1), 33–41 (2004)].
14. O. Kozyreva, V. Pilipenko, M. J. Engebretson, et al.,
“In Search of a New ULF Wave Index: Comparison of
Pc5 Power with Dynamics of Geostationary Relativistic
Electrons,” Planet. Space Sci. 55, 755–769 (2007).
15. T. Motoba, T. Kikuchi, H. Lühr, et al., “Global Pc5
Caused a DP2Type Ionospheric Current System,”
J. Geophys. Res. 107, JA900156 (2002).
16. T. P. O’Brien, R. L. McPherron, D. Sornette, et al.,
“Which Magnetic Storms Produce Relativistic Elec
trons at Geosynchronous Orbit?,” J. Geophys. Res.
106, 15 533–15 544 (2001).
17. V. Pilipenko, “ULF Waves on the Ground and in
Space,” J. Atmos. Sol.–Terr. Phys. 63, 1193–1209
(1990).
18. J. L. Posch, M. J. Engebretson, V. A. Pilipenko, et al.,
“Characterizing the LongPeriod ULF Response to
Magnetic Storms,” J. Geophys. Res. 108, JA009386
(2003).
19. N. Romanova, V. Pilipenko, and N. Crosby, “Role of
ULF Wave Activity in Solar Wind–Magnetosphere
Interactions and Magnetospheric Electrons Accelera
tion,” in Proceedings of the 30th Annual Seminar “Phys
ics of Auroral Phenomena,” Apatity, 2007, pp. 111–114.
20. V. A. Troitskaya, M. V. Mel’nikova, O. V. Bol’shakova,
et al., “Fine Structure of Magnetic Storms,” Izv. Akad.
Nauk SSSR, Ser. Fiz., No. 6, 82–86 (1965).
21. B. T. Tsurutani, Y. Kamide, J. K. Arballo, et al., “Inter
planetary Causes of Great and Superintense Magnetic
Storms,” Phys. Chem. Earth (C) 24 (13), 101–105
(1999).
22. J. Zhang, M. W. Liemohn, J. U. Kozyra, et al., “A Sta
tistical Comparison of Solar Wind Sources of Moderate
and Intense Geomagnetic Storms at Solar Minimum
and Maximum,” J. Geophys. Res. 111, A01104 (2006).

GEOMAGNETISM AND AERONOMY

Vol. 48

No. 4

2008

