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Abstract. A ULF wave index, characterizing
the level of the geomagnetic field variability in
the frequency range 2–7 mHz, has been
suggested to the space physics and geophysical
community. This global wave index is produced
from all available arrays of magnetometers and
isolated stations in the Northern hemisphere. A
similar ULF wave index is calculated using
magnetometer data from geostationary (GOES)
and interplanetary (Wind, ACE) satellites. In
this review we demonstrate that a wide range of
space physics studies, such as the solar
wind-ionosphere coupling, wave energy
transport, substorm physics, relativistic electron
energization, ring current formation,
electrodynamics of the ionosphere and
magnetosphere, search for electromagnetic
precursors of earthquakes, etc., has benefited
from the introduction of the provisional ULF
wave index. Possible ways of the ULF index
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advancement and development are discussed.
The permanently updating ULF-index database is
freely available via the website ulf.gcras.ru for all
interested researchers for further validation and
statistical studies.

1. Introduction: The Necessity of a New

ULF Wave Index

The interaction between the solar wind (SW) and ter-
restrial magnetosphere is the primary driver of many
of the processes and phenomena occurring in the near-
Earth environment. This interaction has often been
viewed using the implicit assumption of quasi-steady
interplanetary magnetic field (IMF) and laminar plasma
flow. However, new conceptions of the magnetospheric
plasma dynamics are being developed, in which turbu-
lence plays a fundamental role [Borovsky et al., 1997].
Progress in understanding and monitoring these turbu-
lent processes in space physics is hampered by the lack
of convenient tools for their characterization.

Various geomagnetic indices (Kp, AE , Dst, SYM-
H , PC , etc.) and averaged SW/IMF parameters
quantify the energy supply in certain regions of the
magnetosphere–ionosphere system, and are used as pri-

http://ulf.gcras.ru/


mary tools in statistical studies of solar-terrestrial re-
lationships. However, these indices characterize the
steady-state level of the electrodynamics of the near-
Earth environment. The turbulent character of SW
drivers and the existence of natural MHD waveguides
and resonators in the magnetospheric plasma in the
ultra low-frequency (ULF) frequency range (∼ 2 −
10 mHz) ensures a quasi-periodic response to forcing
at the boundary layers. Therefore, much of the turbu-
lent nature of SW-magnetosphere-ionosphere interac-
tions can be monitored with ground-based or space ob-
servations in the ULF frequency range. The new “ULF
wave power index”, showing the turbulent character of
the energy transfer from the SW into the upper atmo-
sphere and the short-scale variability of near-Earth elec-
tromagnetic processes has been suggested by Kozyreva
et al. [2007]. Even provisional version of this index has
been successfully used in various areas of space physics.
Here we briefly review these results and outline possible
directions of the index advancement.



2. Construction of a ULF Wave Power

Index

An hourly ULF wave index, using the spectral features
of ULF power in the Pc5 band (periods from ∼ 500 s
to ∼ 150 s) is derived from a global array of stations in
the Northern hemisphere [Kozyreva and Kleimenova,
2008, 2009, 2010; Kozyreva et al., 2007]. Data from
the following global magnetometer arrays with 1-min
time sampling are used:

• INTERMAGNET (www.intermagnet.org),

• MACCS (space.augsburg.edu/space),

• MAGDAS (magdas.serc.kyushu-u.ac.jp),

• Observatories in Arctic Russia (geophys.aari.ru),

• stations from World Data Center for Geomagnetism
(www.wdc.bgs.ac.uk).

A map with station locations is shown in Fig-
ure 1. Though the existing database of the
magnetometer data is already suitable for the in-
dex construction, it is possible to augment the
database with additional stations, such as CARISMA
(www.carisma.ca), IMAGE (www.geo.fmi.fi/image),

http://www.intermagnet.org
http://space.augsburg.edu/space
http://magdas.serc.kyushu-u.ac.jp
http://geophys.aari.ru
http://www.wdc.bgs.ac.uk
http://www.carisma.ca
http://www.geo.fmi.fi/image
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Greenland Coastal Array (www.space.dtu.dk), GIMA
(www.asf.alaska.edu/program/gdc/project/magneto-
meter).

The data have been detrended with a cut-off fre-
quency 0.5 mHz and converted into a geocentric (X , Y )
coordinate system. For any UT hour, the magnetic sta-
tions in a chosen LT sector (from LT 1 to LT 2), and
in a selected CGM latitude range (from ΦS to ΦN) are
selected. The amplitude spectra F (f ) of each horizon-
tal component are calculated with the use of Filon’s
integration method in a 1 hour time running window.

The signal and background noise spectral contents
are estimated in the following way. In a log-linear plot
of F (f ) the linear fit LF (f ) is applied, which fits to a
linear model by minimizing the chi-square error σ, in
the frequency band from f1 to f2. Then, a discrimina-
tion line, separating the background noise FB(f ) and
signal spectra, is considered as log FB(f ) = LF (f )− σ
(as schematically illustrated in Figure 2). A spectral
bump above the discrimination line is considered as a
contribution from a narrow-band signal.

The frequency range selected for construction of the
ULF index is bounded by the lower and upper frequen-
cies fL and fH . Noise spectral band-integrated in the
range ∆f = fH− fL power Nj is calculated at each j-th

http://www.space.dtu.dk
http://www.asf.alaska.edu/program/gdc/project/magnetometer
http://www.asf.alaska.edu/program/gdc/project/magnetometer


Figure 2. Schematic plot of the technique for
the discrimination of signal and noise from the power
spectral density of ULF variations.

station as the area beneath the discrimination level

Nj = (∆f )−1

∫ fH

fL

FB(f )df



Signal spectral power S is the area of the bump above
the background spectrum FB(f ), that is

Sj = (∆f )−1

∫ fH

fL

{F (f )− FB(f )}df

The ULF wave indices, comprising total power Tj and
signal power Sj , are calculated from the band-integrated
spectral power at station a maximal amplitude. The in-
dex has been normalized by the spectral width to make
the index dimension [nT].

The following parameters have been used for the cal-
culation of the provisional version of ground ULF in-
dex. The magnetic stations have been selected from
LT 1 = 05 to LT 2 = 15, and in a CGM latitude range
from ΦS = 60◦ to ΦN = 75◦. The selection of limited
LT sector has been made to suppress a contribution
of nighttime substorm activity into the index. The fre-
quency range is from fL = 2.0 mHz to fH = 7.0 mHz,
and the discrimination level was estimated by a linear
fit in the frequency interval f1 = 1 mHz to f2 = 8 mHz.
The Nyquist frequency for a 1-min sampling period is
8.3 mHz.

Ground magnetic fluctuations are not always a per-
fect proxy of the ULF fluctuations in the magneto-
sphere. In particular, there is a class of ULF waves –



storm-related poloidal Alfven waves, that occur at the
recovery phase of magnetic storm in the dusk/noon
sectors of the magnetosphere. These ULF waves are
generated by the ring current protons via various kinds
of drift instabilities [Pilipenko, 1990]. Despite their
high amplitudes in the magnetosphere, these pulsations
are rarely if ever seen on the ground because of their
small azimuthal scales, that cause effective screening by
the ionosphere. Thus, the ground global index needs
to be augmented by a similar index, estimated from
space magnetometer data. This wave index, coined the
GEO ULF-index, is calculated from 1-min 3-component
magnetic data from the geostationary GOES satellites
to quantify the short-term magnetic variability in the
region of geostationary orbit. No selection in LT has
been applied to GEO index. The GEO index is the sum
of spectral power of all 3 components.

To quantify the short-term variability of IMF and
SW plasma, the interplanetary ULF indices are esti-
mated using 1-min data from the interplanetary satel-
lites Wind, ACE, and IMP8, compiled into the OMNI
database. The data from these satellites are time-
shifted to account for the propagation from the satellite
location towards the magnetopause.



The hardest part of the index production is the com-
pilation of uniform database from all available ground
and space flux-gate magnetometers, reading data in
various formats, etc. This pre-processing demands a
lot of manpower, because even INTERMAGNET data
are not 100% perfect. The pre-processing includes the
manual elimination of spikes, level jumps, interference,
and short data gaps. The database compiled for the
index production is more complete than the database
collected in the largest world system SuperMAG (su-
permag.jhuapl.edu) for the accumulation and dissemi-
nation of magnetometer data.

3. Validation and Dissemination of the

ULF Wave Index

The hourly ULF index database has been compiled for
the period since 1991 up to nowadays, and is perma-
nently updating. The database is freely available via
the specially designed website ulf.gcras.ru/. The web-
site provides a user the possibility:

• to browse and download monthly plots with basic
space weather information, including the ground,
geosynchronous, and interplanetary ULF indices

http://supermag.jhuapl.edu
http://supermag.jhuapl.edu
http://ulf.gcras.ru/


Sgr, Tgr, Sgeo, Tgeo, TN, TIMF;

• to browse and download daily plots with world-wide
magnetometers in selected latitude range, GOES
spacecraft magnetometers, and basic SW/IMF pa-
rameters from OMNI database;

• to download monthly ASCII files with basic space
weather information, including the ground, geosyn-
chronous, and interplanetary ULF indices.

Additionally, the website provides a list of downloadable
journal publications and conference reports related to
the use of ULF wave index in space weather studies.
Description of the IDL computer algorithm used upon
the index production is given also. Researchers inter-
ested in statistical studies with the use of ULF index can
get access via FTP to zip-compressed monthly files. It
is possible to submit a request for the index calculation
with non-standard parameters or for a specific region.

4. Applications of ULF Power Index

A wide range of space physics studies already benefited
from the introduction this new index. Some of them
are reviewed below.



4.1. Magnetosphere Turbulence and the Diffu-
sion/Energization of Relativistic Electrons

The appearance of relativistic electrons in the outer ra-
diation belt following some geomagnetic storms resists
definitive explanation in spite of many years of study.
These electron events (called “killer” electrons) are not
merely a curiosity for scientists, but they can have dis-
ruptive consequences for spacecraft [Pilipenko et al.,
2006]. While it has been known that there is a gen-
eral association between geomagnetic storms and elec-
tron enhancements [Reeves, 1998], the wide variability
of the observed response and the puzzling time delay
(∼ 1−2 days) between storm main phase and the peak
of the response has frustrated the identification of re-
sponsible mechanisms and controlling parameters. Ul-
timately, the SW is the energy resource for geomagnetic
storms in general and acceleration of electrons to rela-
tivistic energies. The acceleration mechanisms require
seed electrons of a few hundred keV which are usually
supplied by substorms. However, since the SW does not
directly contact the electrons in question, some magne-
tospheric intermediary must more directly provide the
energy to the electrons. ULF waves in the Pc5 band
have emerged as a possible energy reservoir, because



in a laminar, non-turbulent magnetosphere the “killer”
electrons would not appear [Potapov et al., 2014; Ros-
toker et al., 1998; Shprits et al., 2008a].

The observations showed that the enhancements in
electron energies (beyond levels expected from con-
serving adiabatic invariants) at geosynchronous orbit
occur rapidly within a few hours at the onset of a
magnetic storm, but there is also a slower additional
acceleration that peak fluxes are seen after a number
of days [Li et al., 2001]. Observations of relativistic
electron response to magnetic storms showed an inad-
equacy of the traditional radial diffusion-based ener-
gization mechanism owing to irregular magnetic pulses
[Tverskoi, 1968]. This led to proposals for a more
efficient energization mechanism based on resonant in-
teraction of drifting electrons with coherent MHD os-
cillations in the Pc5 frequency range [Elkington et al.,
1999; Hudson et al., 2000 Liu et al., 1999]. This drift-
resonance mechanism is in fact a revival of the old idea
of a magnetospheric “geosynchrotron” [Pokhotelov et
al., 1999]. Pumping of energy into seed ∼ 100 keV
electrons is provided by large-scale MHD waves in a
resonant way, when the wave period matches the mul-
tiple of the electron drift period, e.g. ω = mωd .

There have been some observations that favor the



idea of ULF wave-related acceleration of magnetospheric
electrons. The wave power in the Pc5 band at a ground
station rapidly increased less than an hour before the
appearance of relativistic electrons, prompting Baker
et al. [1998] to suggest that Pc5 pulsations were an
acceleration mechanism for these electrons. The use
of one station only is evidently insufficient to validate
the role of global ULF wave activity in energizing mag-
netospheric electrons. There was better observational
support for a ULF contribution to the later, slower ener-
gization of electrons. O’Brien et al. [2001] performed
a superposed epoch analysis to compare storms with
and without the appearance of hourly electron fluxes
(> 2 MeV) at GOES and LANL geosynchronous moni-
tors. Long duration elevated Pc5 ULF wave power dur-
ing the recovery phase appeared to discriminate better
than Dst or AE between those storms that do and do
not produce relativistic electrons showed that electron
events had a higher ULF power at some mid-latitude
stations by about an order of magnitude in the recovery
phase [Mann et al., 2004; Mathie and Mann, 2001].
Main phase intensity did not appear to be an important
indicator of subsequent electron behavior. A more con-
vincing statistical evaluation of possible coupling be-
tween ULF activity and relativistic electron dynamics



demands a quantitative measure to characterize global
ULF wave behavior. The introduced ULF wave index
became a convenient tool in a correlative statistical
studies with the relativistic electron dynamics.

The analysis of the period with disturbed space weat-
her has shown that sustained intense increases of GOES-
8 relativistic electrons fluxes occurred after weak and
moderate storms (|Dst| < 100 nT) driven by high-
speed SW streams, whereas the increase after strong
storms (|Dst| > 200 nT) was much shorter and less
intense [Romanova and Pilipenko, 2008]. The elec-
tron behavior matched well the variations of the global
ground ULF-index: after weak storms this index in-
creased much more substantially and for a longer period
than after strong storms. These studies demonstrated
the usefulness and ease of use of the ULF wave index
for studies of high-energy particle energization in the
magnetosphere.

However, the drift resonant interaction with ULF
waves is not the only mechanism of relativistic elec-
tron acceleration. VLF waves may be associated both
with increases in flux due to acceleration of electrons by
chorus waves and decreases due to precipitation caused
by hiss. Modern theories and observational evidences



are summarized in reviews [Shprits et al., 2008b].

4.2. Elaboration of Statistical Models

An easy availability and ease of use of single parameter
characterizing ULF wave activity in various domains of
the outer space greatly facilitates the statistical stud-
ies. Long-period ground ULF wave activity in the Pc5
range is controlled by the SW/IMF parameters. Simms
et al. [2010] investigated the influence of these param-
eters on ground Pc5 activity using ULF wave power
index as a proxy during quiet and storm periods. With
multiple regression and path analysis, they studied the
influence of these parameters as a set rather than indi-
vidually. This allowed one to determine which factors
were most influential and which were only correlated
with influential factors. By using multiple regression,
more variation in Pc5 power was explained than has
been achieved in previous studies. In both storm types,
driven either by the coronal mass ejection or corotating
interaction region, and during all storm phases as well
as during quiet periods, SW velocity and IMF Bz influ-
enced ground Pc5 power directly. These two variables
also acted on the Pc5 power indirectly through the in-



termediate parameters of Dst, and the variations in SW
density and IMF. Ground Pc5 power was greater during
CME storms during the main phase, but larger during
CIR storms in the recovery period. A statistical model
such as this offers the possibility of nowcasting Pc5
power by inserting current levels of SW/IMF variables
as predictors into the regression equation [Pilipenko et
al., 2008].

One of the key problem of space physics is a reliable
prediction of the relativistic electron fluxes in the mag-
netosphere. The daily maximum relativistic electron
flux J at geostationary orbit was attempted to predict
with a set of variables including previous day’s flux J−1,
seed electron (∼ 100 keV) flux, SW velocity and den-
sity, AE index, IMF Bz , Dst, and ground ULF and
VLF wave power [Simms et al., 2014]. As predictor
variables are intercorrelated, used multiple regression
analyses to determine which are the most predictive of
flux when other variables are controlled. Mathemati-
cally, the predicted response variable J is a linear com-
bination of the prediction parameters Xi multiplied by
their regression coefficients bi :

Ji = b0 +

i=N∑
i=1

biXi



Empirical model produced from regressions of J on
measured predictors from one day previous was reason-
ably effective at predicting novel observations. Adding
previous flux J−1 to the parameter set improved the
prediction of the amplitude of the increase, but de-
layed its anticipation of an event. Previous day’s SW
density and velocity, AE index, and ULF power index
were the most significant explanatory variables. The
AE index showed a negative correlation with J when
other parameters are controlled, that may be due to
the triggering of electromagnetic ion cyclotron waves
by substorms that cause electron precipitation.

VLF waves showed lower, but significant, influence.
The combined effect of ULF and VLF waves shows a
synergistic interaction, where each increases the influ-
ence of the other on flux enhancement. Correlations
between observations and predictions for this one-day
lag model ranged about 0.8. Probably, the magneto-
spheric electrons are most effectively accelerated owing
to the radial diffusion and preliminary energization un-
der the influence of ULF waves, and subsequent local
acceleration by VLF chorus electromagnetic emissions.

Many SW and magnetosphere parameters, as well as
ULF waves, could be used to predict relativistic elec-
tron flux levels at geostationary orbit following storms



using a data-based model produced by multiple regres-
sion. As many of these factors are correlated among
themselves, Simms et al. [2014] developed model that
attempted to determine which of these factors corre-
lated with and predicted flux best. However, Simms et
al. [2014] using ground-based measurements of VLF
magnetospheric emissions showed little ability to pre-
dict enhanced relativistic electron flux. A daily average
of VLF wave power from the ground instrument, which
picks up both chorus and hiss, may result in a measure
that cannot distinguish between the opposing effects
of acceleration and precipitation. Therefore, Simms et
al. [2015] compared the daily average with VLF av-
eraged from Halley station only over the dawn period
when chorus dominates (0600–0900 MLT). They used
the 1.0 kHz channel of Halley VLF instrument, which
detects VLF from L < 7.5, including those at geosyn-
chronous orbit. A nowcast model gave only a moder-
ate correlation ∼ 0.35 between predicted and observed
J . A model using predictors from the previous day
gives similar correlations ∼ 0.4. Adding the previous
day’s flux J−1 to this model improved the correlation
to ∼ 0.8. A time plot of these observed and predicted
values shows how well predictions track flux levels dur-
ing the third quarter of 1998 (Figure 3). The observed
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values (solid line) are well predicted by the one-day lag
model that includes lagged flux (dashed line). The one-
day lag model without flux underestimates the height
of some peaks and overestimates others (dotted line).
Both statistical models are able to predict increases of
relativistic electron fluxes at geosynchronous orbit and
can be used in space weather centers.

4.3. Turbulent Driving of the Magnetosphere
Dynamics

The level of upstream SW turbulence determines the
turbulent viscosity of the flow passing the magneto-
sphere, and as a result, the degree of coupling of the
SW to the magnetosphere appears to be influenced by
the level of turbulence upstream of the Earth. There
are indications that the magnetosphere indeed is driven
more weakly, especially for northward IMF, when the
level of SW turbulence is low [Borovsky and Funsten,
2003]. Thus, the magnetosphere behaves as a turbu-
lent high-Reynolds-number system, and the presence of
turbulence in the flows inside and outside the magne-
tosphere should have profound effects on its large-scale
dynamics through eddy viscosity and diffusion.



The turbulent/eddy viscosity of the SW flow passing
the magnetosphere is controlled to a considerable ex-
tent by the level of upstream turbulence. Though, the
turbulence level of the magnetosheath plasma, which
directly interacts with the magnetosphere, can differ
significantly for different IMF orientation in respect to
the bow shock, the degree of coupling of the SW flow
to the magnetosphere appears to be influenced by the
level of SW/IMF turbulence upstream of the Earth.
The turbulent viscosity concept predicts that the cou-
pling to be lessened when the level of upstream tur-
bulence is low. Therefore, the presence of turbulence
inside and outside the magnetosphere should have pro-
found effects on the large-scale dynamics of the system
through viscosity and diffusion.

Using the ULF index of the IMF variability SIMF,
Romanova and Pilipenko [2008] verified the fact that
when the IMF is more turbulent, the effective degree of
its coupling to magnetosphere is higher. The IMF was
considered as noisy when log SIMF > 0, and IMF was
calm when log SIMF < 0. Auroral response, as charac-
terized by hourly AE index, was compared in Figure 4
with a strength of the SW driver, determined by the
IMF Bz component, for the calm (blue dots) and tur-
bulent (red dots) IMF for the period 1994–1995. Com-



Figure 4. Comparison of the auroral response, as
characterized by hourly AE index, with a strength
of the SW driver, determined by the IMF Bz com-
ponent, for the calm (log SIMF < 0, blue dots) and
turbulent (log SIMF > 0, red dots) IMF for the period
1994–1995 (from [Romanova and Pilipenko, 2008]).



parison of median curves shows that under southward
IMF (Bz < 0) AE nearly linear grows upon increase
of the magnitude of Bz , whereas the average AE re-
sponse to the turbulent IMF is higher. This difference
is significant not only for northward IMF, when one ex-
pects the viscous interaction to be dominant over the
reconnection, but it reveals itself even under southward
IMF. This comparison confirms that the magnetosphere
is driven more strongly when the IMF turbulence level
is elevated.

ULF wave power in the SW was proposed to be an
additional factor in controlling the coupling of the SW–
magnetosphere–ionosphere system. Kim et al. [2009]
and Lyons et al. [2009] showed that enhanced ULF
wave power can substantially enhance the convection
strength in both the dayside and nightside high lati-
tude ionosphere. This ULF power effect was found to
be independent of an observed direct effect from the
SW speed. Lyons et al. [2009] showed some examples
of an increase of plasma sheet pressure and substorm
occurrence rate during periods of strong ULF wave ac-
tivity under northward IMF, indicating that ULF wave
activity may play an important role in substorm trig-
gering.

ULF fluctuations may also be an important contrib-



utor to the coupling of the SW to the magnetosphere-
ionosphere system. Regardless of the IMF orientation,
ULF fluctuations in the SW can substantially enhance
the convection in the high latitude ionosphere [Kim et
al., 2011]. They conducted a statistical study to under-
stand the effect of ULF power in the IMF on the cross
polar cap potential ∆Φpc . The average ∆Φpc showed
a roughly linear dependence on the ULF power index
TIMF (Figure 5). Highly structured convection flow
patterns were often observed under fluctuating north-
ward IMF. For such a convection configuration, it is
hard to estimate properly the cross polar cap potential
drop, as the enhanced flows around the vortices that
may be associated with IMF fluctuations do not nec-
essarily yield a large potential drop. Thus, despite the
relatively small correlation coefficient, the linear trend
gives support to the significant role of IMF fluctua-
tions on the coupling of the SW to the magnetosphere-
ionosphere system. They also examined the isolated ef-
fect of IMF ULF power by comparing two data sets that
are associated with a lower and a higher ULF power
level but satisfy the same SW conditions. They ob-
served a substantially greater number of large polar cap
potentials for the data set associated with a higher ULF
power, which further supports there being a substantial



effect of IMF ULF power on ∆Φpc .
Borovsky and Denton [2014] explored the ULF ower

index and incorporated it into a composite Earth vari-
able composed of multiple geomagnetic indices plus the
ground-based and geosynchronous ULF indices. Corre-
lations between the ULF indices and the SW, between
the ULF indices and SW driver functions for the magne-
tosphere, and between the ULF indices and relativistic-
electron fluxes were explored. To examine the driving
of the ULF indices by the SW and to investigate the
connections of the ULF indices to other geomagnetic
indices, the mathematical technique of canonical cor-
relation analysis was utilized.

4.4. Ring Current Dynamics

There are currently two contrasting views on the ring
current formation during magnetic storms. The con-
ventional idea is that the ring current results from the
accumulation of particles injected during substorms.
Another view asserts that ring current development
results from a sustained enhancement of the convec-
tion electric field driven by the IMF/SW. A large body
of work has demonstrated that it is the SW that in-
jects the particles that create the ring current. In



Figure 5. The dependence of the average cross
polar cap potential ∆Φpc , separated from the effects
of SW speed and dynamic pressure (for IMF Bz >
1.5 nT, and IMF cone angles θ < 45◦), on the
IMF variability, characterized by the ULF index TIMF
(from [Kim et al., 2011]).



this view it is implicitly assumed that there must be
some secondary process that scatters particles from
open to closed drift paths. The process must be rela-
tively efficient and continuous, otherwise the injection
rate would not depend so strongly on the SW electric
field. McPherron [1997] suggested that this process is
a combination of inherent fluctuations in the SW elec-
tric fields, waves in the magnetosphere, and inductive
electric fields caused by a substorm expansion phase.
This process, though being of key importance, is not
observable in any existing indices. The necessity to
use the set of existing indices for the selection of this
problem is evident.

4.5. IMF and SW Variability Before Magnetic
Storms and Substorms

The variability of SW and magnetospheric conditions
might be an important factor in triggering magneto-
spheric substorms [Kamide, 2001]. Although there is
a modest amount of theoretical and observational evi-
dence supporting this view, this idea has not been thor-
oughly examined by the space community so far, and it
is not used for space weather purposes. Enhanced re-
connection and viscous interaction in dayside boundary



regions, leading eventually to substorms, most prob-
ably are accompanied by an enhanced level of turbu-
lence. Therefore, substorm break-ups may be preceded
by an increased level of ULF power in the region of the
dayside boundary layers [Pilipenko et al., 1998]. Also,
the pre-heating of the nightside plasmasheet plasma
owing to the resonant absorption of MHD turbulence
may provide necessary conditions for the onset of an
explosive instability, resulting in a substorm break-up
(the so called “thermal catastrophe” model of Goertz
and Smith [1989]). Samson et al. [1992] identified
a number of intervals in which auroral intensifications
occurred during times when nighttime field line reso-
nances occurred, indicating that ULF waves may play
a role in triggering substorm intensifications. A sta-
tistical study of low-frequency magnetic activity in the
night side region of the poleward auroral boundary re-
vealed an enhancement of ULF power about 2–3 hours
before the explosive phase of substorms [Yagova et al.,
2000]. Further application of reliable statistical meth-
ods for the search for wave precursors of substorms will
benefit from the development of a database containing
an index quantifying ULF activity. It will be particu-
larly interesting to reveal that the fluctuations associ-
ated with energy transfer to the magnetosphere can to



lead to the growth and expansion phase of substorms
under conditions when such energy transfer would not
otherwise be expected.

The interplanetary ULF wave power index can be
used as a simple and convenient tool for the statisti-
cal examination of the SW and IMF turbulence. The
SW density fluctuations with time scales ∼ 2−250 min
were examined statistically, using a modification of ULF
wave indices [Romanova et al., 2007]. As a measure of
ULF density fluctuations the integrated wavelet power
Wn from 4 min to 128 min was used. To examine the
change of the SW turbulence before magnetic storm
onsets the interplanetary ULF wave index WN chrac-
terizing the SW density fluctuations was used. The
statistical histograms of Wn distributions during the
entire year and during 12 hours intervals before storm
onsets revealed a shift of the distribution to higher val-
ues before storms during both solar minimum (2000)
and maximum (1995). Thus, the SW density becomes
more turbulent and irregular about 12 hours before the
arrival of solar streams causing storms, especially dur-
ing the solar maximum.

The mechanism of this effect has not been found
yet, and may be related to the following consideration.
The plasma density enhancements are observed near



the heliospheric current sheet (HCS) and high-speed
corotating streams adjacent to it. Thus, a high irreg-
ular plasma density may be an indicator that Earth is
approaching the HCS owing to the presence of natu-
rally occurring high densities near the HCS and stream-
stream compressive effects. The southward IMF, which
eventually causes moderate storms, is related to the
corotating stream interaction with the HCS and its
plasma sheet. Although corotating stream/HCS plasma
sheet interaction can create intense southward IMF,
though highly fluctuating. Thus, the statistical result
above may reflect the fact that the HCS is a region
favorable for the moderate magnetic storm occurrence.

4.6. Seismo-Related ULF Magnetometer Studies

Although the proposed ULF wave index is more suited
for solar-terrestrial studies, its introduction might be of
significant help to the community developing electro-
magnetic methods of earthquake prediction. Anoma-
lous ULF noise may occur a few days-weeks before
strong earthquakes [Hattori, 2004; Molchanov and
Hayakawa, 2008]. This effect may be caused by var-
ious mechano-electromagnetic conversion processes in
the crust at the final stage of the seismic preparatory



phase [Surkov and Pilipenko, 1999]. Validation of this
effect on a large statistical basis with the use of mag-
netic stations in seismo-active regions will be possible
only with the use of a proper ULF wave index. This
index will provide the seismic community with an ef-
fective tool to distinguish local seismo-related electro-
magnetic anomalies from global enhancements of ULF
wave activity of the space origin.

The search for earthquake precursor signatures in
ULF magnetic records has often involved the spec-
tral power of Pc3–5 variations. While possible precur-
sor signatures have been reported, some have disputed
the results, pointing to contributions from near-Earth
space processes. Geomagnetic indices have been used
in an attempt to distinguish between possible seismic
and near-Earth space sources of ULF power, implic-
itly assuming that the relationship between ULF power
and the geomagnetic indices. Using CARISMA magne-
tometer data, Currie and Waters [2014] have shown
that the relationships between ULF power integrated
over the Pc3–5 bands with Kp, SYM-H , and Dst vary
with magnetic latitude and local time, but most corre-
lation coefficient values are small, near 0.2. Therefore,
these indices are not satisfactory predictors of Pc3–5
activity. Therefore, widely used by seismic prediction



community geomagnetic indices are not effective for
the discrimination of magnetospheric and lithospheric
emissions, and they should be replaced by the ULF wave
power index for a relevant latitudes.

5. Further Improvements

The provisional ULF wave power index has some draw-
backs and deficiencies. The current research is aimed
to overcome them and suggest a more effective and
robust index.

5.1. Discrimination Between Irregular Variations
and Narrowband Waves

The usage of a wave index based on band-integrated
wave power only may be insufficient, because this type
of index cannot discriminate between irregular wide-
band variations and narrowband waves. For example,
Posch et al. [2003] applied to the analysis of ULF dy-
namics during storms a simple measure R of the frac-
tion of narrow-band pulsations in observed wave power.
The R parameter is calculated as the ratio between the
wave power in a narrow band (2–10 mHz) and wide
band (0.2–10 mHz). The ULF activity during the main



phase was in fact broadband (R is low). This broad-
band wave activity is caused by other mechanisms than
typical Pc5 waves, and their features (spectrum, trans-
verse spatial scale) differ from ULF waves at the storm
recovery phase. The ULF activity in the recovery phase
was narrowband in the dawn-to-noon LT sector (R is
high). Thus, for the discrimination of broad-band and
narrow-band variations an algorithm, based on the ra-
tio Tnarrow/Twide between the wave power in a narrow
band Tnarrow and wide band Twide, can be applied. So
far, to discriminate between broadband and narrowband
ULF waves the ratio between signal and total powers
R = S/T can be used.

5.2. Wave Indices in Other Bands

Using a similar approach, ULF index can be constructed
in other ULF frequency bands, using data from world-
wide array of ground instruments.

ULF waves in the Pc3 band (10–100 mHz) observed
on the ground are closely related to the upstream tur-
bulence in the terrestrial foreshock region. Therefore,
a measure of ground Pc3 wave power could be a use-
ful Pc3 index, characterizing the intensity of upstream
turbulence [Heilig et al., 2010]. Additionally, the Pc3



central frequency enables one to determine the IMF
magnitude.

Electromagnetic ion-cyclotron waves in the Pc1 band
(0.1–5 Hz) are beleived to be responsible for depleting
the outer radiation belt by causing the pitch-angle dif-
fusion and precipitation of relativistic electrons. Under-
standing the outer radiation belt dynamics requires an
index to characterize the global intensity of Pc1 waves.
For that a belt of induction magnetometers at middle
latitudes should be composed.

The resonant interaction with ULF waves is not the
only mechanism of relativistic electron acceleration, and
VLF emissions may be responsible for local increases in
flux due to acceleration of electrons by chorus emissions
and decreases due to precipitation caused by hiss emis-
sions. Therefore, the construction of statistical models
for nowcasting and predicting relativistic electron fluxes
demands an index, characterizing VLF wave power.
However, daily average of VLF wave power from the
ground instrument, which in fact picks up both chorus
and hiss, may result in a measure that cannot distin-
guish between the opposing effects of acceleration and
precipitation [Simms et al., 2016] As a first step, a
daily parameter with VLF power averaged from ground
stations, but this averaging must be performed only



over the dawn period (0600–0900 MLT) when chorus
dominates. For that the channel around 1.0 kHz of
ground VLF instrument, which detects VLF emissions
from a range of latitudes, covering the geosynchronous
orbit, is to be used.

5.3. Correction of UT Control

The ULF indices show some deficiencies that are prob-
ably related to the presence of nonsinusoidal UT pe-
riodic variations. Temporal autocorrelation functions
of the ULF indices were examined and compared with
autocorrelation functions of various SW and geomag-
netic quantities by Borovsky and Denton [2014]. The
local peaks in the autocorrelation functions at multi-
ples of 24 h were found, which indicate the presence
in the time series of a non-sinusoidal variations with
a 24 h period. The origin of these variations may be
caused by very uneven globe coverage with magnetic
stations. Removal of the 24 h and 12 h periodic vari-
ations would undoubtedly make the ULF indices more
predictable and should boost their contribution to the
Earth data set.

Detrended ULF indices can be produced by subtract-
ing off UT sine wave functions. These functions S̄gr and



S̄geo were determined by Borovsky and Denton [2014]
by regression fitting the entire 1991–2004 databases as
follows

S̄gr = Sgr − 1.065− 0.07957 sin(2π[UT + 16.784]
/

24)

S̄geo = Sgeo + 0.1415 + 0.07563 sin(2π[UT + 5.676]
/

24)

and the detrended indices T̄gr and T̄geo are given by

T̄gr = Tgr − 0.87889− 0.08391 sin(2π[UT + 16.097]
/

24)

T̄geo = Tgeo + 0.3732− 0.07292 sin(2π[UT + 6.072]
/

24)

where the UT is given in hours. A straightforward cor-
rection to indices would be to subtract off the UT-
dependent means from the data.

A next step would be to consider renormalizing the
distribution of values at each UT so that all UT bins
have the same standard deviations and skewnesses. The
?rst correction will undoubtedly improve the correla-
tions of ULF indices with SW parameters and with
other geomagnetic indices. One might also consider
performing these renormalizations separately for each
of the GOES spacecraft used to construct the geosyn-
chronous ULF index.



Fitting those 24 h variations and subtracting them
out would produce ground-based and geosynchronous
ULF indices with less noise and higher correlations with
SW parameters and with other geomagnetic indices.
Those improved ULF indices will also better correlate
with the relativistic-electron flux in the magnetosphere.

5.4. Automatic Recognition and Correction of
Interference Events

Construction of the ULF index demands the processing
of all available database from a wide array of stations
as a whole. Elaboration of such models is hampered by
the lack of effective and flexible tools for automatic se-
lection of characteristic features of phenomenon under
study – monochromatic signals, wideband noise, im-
pulses with given waveforms, etc. Widely used so far es-
timates of the spectral power density are insufficient for
the wave discrimination. Probabilistic methods of a sig-
nal detection, frequency-time analysis, wavelet-analysis
and neural networks are effective only upon the avail-
ability of a priori information. A necessary flexibility in
automatic recognition of anomalous events can be pro-
vided by effective account for an expertise of experts
analyzing the data manually. Modeling of the logics of



the expert-interpreter can be achieved by application
of mathematical methods on the basis of fuzzy logics,
which have been developed recently. The methods to
be used are based on the theory of discrete mathemat-
ical analysis (DMA). DMA has demonstrated consid-
erable achievements in a number of geophysical and
geodynamic applications, and started to be applied in
geomagnetic studies: recognition of natural anomalies
and estimation of their intensity using a unified scale in
geoelectric and geomagnetic gravity records [Agayan
et al., 2016; Gvishiani et al., 2014, 2016; Soloviev et
al., 2013, 2016]. Algorithmic DMA approach enabled
one to recognize low-amplitude geomagnetic pulsations
of different types and their time limits [Zelinskiy et
al., 2014]. What is important in our studies is that
DMA-based methods have been implemented for an
automated and unified anthropogenic anomaly recogni-
tion, such as spikes and jumps, in magnetograms from
ground and satellite magnetometers [Bogoutdinov et
al., 2010; Sidorov et al., 2012; Soloviev et al., 2009,
2012a, 2012b]. These methods are applicable to both
1-minute and 1-second recordings, and are capable to
operate continuously providing large data streams pro-
cessing with high degree of reliability.



5.5. Index of Geomagnetic Field Variability

The wider introduction of advanced technologies, the
more sensitive become their failures due to the impact
of space weather. One of the most significant factors of
space weather for terrestrial technological systems are
electric geomagnetically induced currents (GIC) in the
surface layers of the Earth caused by abrupt changes of
the geomagnetic field. GIC are dangerous for pipelines,
high-voltage power lines, railway equipment, communi-
cations cables, telephone and telegraph lines. The most
intense currents (up to hundreds of amperes) and fields
(more 10 V/m) are excited at auroral latitudes during
magnetic storms and substorms [Lanzerotti, 2001]. In-
duced currents cause saturation, overheating and even
damage of the high-voltage transformers in power sys-
tems. Under the influence of GIC cathodic protection
of pipelines, supporting pipe negative potential relative
to the ground, distorted, which dramatically increases
the rate of corrosion during geomagnetic storms and re-
duces the lifetime of a pipeline. Operational forecast of
possible critical levels of GIC can be used by operators
to reduce the risk of catastrophic consequences.

The estimation of the space weather parameters crit-
ical for ground technological systems requires the con-



struction of statistical maps of magnetic field variabil-
ity (dB/dt). Statistical maps can be used as input
parameters for the calculation of GIC in a particular
technological system. Presumably, the intensity of the
expected GICs can be very inhomogeneous in space and
does not coincide with the region of maximum mag-
netic disturbances. The possible methodology in the
GIC model should involve the calculation of the am-
plitude of total magnetic field derivative and 2D inter-
polation across the Earth’s surface. As an example,
the maps with geomagnetic variations and geomag-
netic variability during magnetic storm on March 17,
2015 are shown in Figure 6. This figure enables one to
compare the substorm intensity, as measured by ∆X
magnitude of the magnetic bay, and amplitude of mag-
netic field variability, measured by derivative |dX/dt|.
The comparison shows that there is no one-to-one cor-
respondence between the substorm intensity and the
level of geomagnetic variability. Maximal intensity is
observed in a narrow latitudinally localized region from
Scandinavia to eastern Siberia. Substorm develops in
the morning sector, at Φ ∼ 59◦, whereas maximal vari-
ability is observed in the early morning sector also, but
at Φ ∼ 65◦.

Thus, the existing database of ULF wave power should



Figure 6. World-wide distribution of magnetic distur-
bance magnitude on March 17, 2015 as characterized by
global Φ–LT maps of the (upper panel) ionospheric E–W
current (characterized by |∆X | variations), and (bottom
panel) magnetic variability |dB/dt| for the time moment
1748 UT. Small black crosses denote the station location.
Black and yellow diamonds denote the poleward and equa-
torward boundaries of the auroral oval, given by OVATION
model.



be augmented with the world-wide hourly maps with:

• distribution of intensity of geomagnetic variability
|dB/dt|,

• spatial structure of the magnetic distubances pro-
duced by large-scale ionospheric currents,

• spatial distribution of ULF wave power.

6. Conclusions

An hourly ULF wave power index, analogous to geo-
magnetic indices, has been derived from ground and
satellite magnetometer data. A wide range of space
physics studies, such as substorm physics, relativistic
electron energization, SW-ionosphere coupling, etc., may
benefit from the introduction of this index. The database
for the interval 1991 up to nowadays is freely available
via ulf.gcras.ru website for testing and validation. Com-
ments and requests for specific intervals or parameters
of the ULF index construction are highly welcomed.

A long-term time series of wave indices, characteriz-
ing the level of IMF and geomagnetic field turbulence,
would be a useful database for the development and
statistical verification of this high-Reynolds-number phe-

http://ulf.gcras.ru


nomenology of the magnetosphere. Using the ULF in-
dex of the IMF variability it was proved that when the
IMF is more turbulent, the effective degree of its cou-
pling to magnetosphere is higher. The enhanced ULF
wave power in the SW was shown to substantially en-
hance the convection strength in both the dayside and
nightside high latitude ionosphere. The variability of
SW and magnetospheric conditions might be an im-
portant factor in triggering magnetospheric substorms.

During storms, magnetospheric satellites suffer nu-
merous anomalies from “killer” electrons. Relativistic
electron flux has a time delay ∼ 1 − 2 days with re-
spect to the ULF-index. Thus, this index could be used
as a “precursor” of the risk of magnetospheric satellite
anomalies. An ease of use of a single parameter char-
acterizing ULF wave activity in various domains of the
outer space greatly facilitates the elaboration of statis-
tical models for nowcasting and predicting relativistic
electron fluxes.

The provisional ULF index has some drawbacks and
deficiencies, but an ongoing research will overcome them
and provide a more effective and robust index.
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