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We combine the advantages of multi-spacecraft and ground-based monitoring of the geospace environment
in order to analyze and study magnetospheric ultra low frequency (ULF) waves. In line with this aim, we also
develop and deliver relevant analysis tools based on wavelet transforms and tailored to the Swarm mission. In
the preparation phase as well as the lifetime of the Swarm mission, the analysis of isolated ULF wave events—
especially those detected in the Pc3 frequency range (20—100 mHz) that a topside ionosphere mission efficiently
resolves—can help to elucidate the processes that play a crucial role in the generation of waves and their most
defining propagation characteristics. Additionally, we offer a useful platform to monitor the wave evolution from
the outer boundaries of Earth’s magnetosphere through the topside ionosphere down to the surface. Data from a
single Low Earth Orbit (LEO) satellite (CHAMP), a multi-satellite LEO mission (STS5) and the ongoing multi-
satellite magnetospheric mission (Cluster) along with a ground-based magnetic network (CARISMA) are used to
demonstrate the potential of our analysis technique in studying wave evolution in detail. A better understanding
of the generation and propagation of waves will also allow to geophysically validate some of Swarm’s data
products, especially those related to the magnetic and electric fields in geospace. With a carefully selected case
study focusing on the recovery phase of a moderate magnetic storm (9 April 2006 with a minimum Dy, value
of —82 nT) as a starting point, we clearly demonstrate the capabilities offered by our wavelet analysis tools
and highlight the options opened to treat various categories of multipoint multi-instrument measurements (both
spaceborne and ground-based) for signatures of ULF wave signals as well as the effects of various other sources.
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1. Introduction

Ultra low frequency (ULF) waves are frequently ob-
served throughout the Earth’s magnetosphere as well as on
the ground. Nonetheless, their source or sources, prop-
agation characteristics and their implications to magneto-
sphere dynamics are still under debate. The broader class
of ULF waves are quasi-sinusoidal and exist for several pe-
riods; these are classified as continuous and are further bro-
ken down into five subcategories, Pc1-5, depending upon
their frequency (Jacobs et al., 1964). Their energy source
is either in the solar wind or within the magnetosphere. In-
ternally generated ULF waves may draw their energy from
drift mirror instabilities due to pressure anisotropies (Cheng
and Lin, 1987) and low frequency instabilities of the ring
current plasma (Chen and Hasegawa, 1991), while exter-
nally generated from processes such as shear instabilities
at the magnetopause flanks or compressive fluctuations of
the solar wind (Menk, 2011 and references therein). On the
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other hand, magnetospheric ULF waves have a profound ef-
fect on the dynamics of radiation belts (Brautigam and Al-
bert, 2000; Ozeke et al., 2012 and the review by Elkington,
2006). As radiation belts variability has a direct impact on
spacecraft and humans in space, ULF waves are of particu-
lar importance for space weather.

ULF waves are large-scale phenomena both in a spatial
and a temporal manner. Thus, simultaneous observations at
different locations and over long time intervals are needed
to fully understand their generation (Takahashi and An-
derson, 1992). Recent multi-satellite magnetospheric mis-
sions, such as ESA’s Cluster and NASA’s THEMIS, have
opened the way for significant advances in the study of ULF
waves (e.g. Constantinescu et al., 2007; Usanova et al.,
2008; Sarris et al., 2009; Pickett et al., 2010). It is, nonethe-
less, anticipated that the upcoming ESA’s topside iono-
sphere multi-satellite Swarm mission (Friis-Christensen et
al.,2006) will bridge the gap between multipoint ULF wave
observations made independently in the magnetosphere by
missions such as Cluster and THEMIS and on the Earth’s
surface by ground-based networks of magnetic stations. It
is expected to shed light on the propagation of ULF waves
from the outer magnetosphere, through the ionosphere and
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down to Earth.

In particular, measurements of the geomagnetic field by
LEO satellites, such as the CHAMP and ST35 satellites, have
revealed ULF waves in the topside ionosphere (see Sut-
cliffe and Liihr, 2003; Balasis et al., 2005; Heilig et al.,
2007; Le et al., 2011 and the review by Pilipenko et al.,
2011). Pc3 waves have been clearly seen in the field-aligned
(compressional) component of the magnetic field simulta-
neously with Pc3 waves observed on the ground (Heilig et
al., 2007). Furthermore, Pi2 waves have been observed in
the nightside magnetosphere at relatively low latitude (Sut-
cliffe and Liihr, 2010). The compressional component of
these waves mapped directly to variations of the magnetic
field H component of the measured on the ground (Han et
al., 2004). Interestingly, the compressional component was
in phase with the H component and the poloidal component
in anti-phase (Sutcliffe and Liihr, 2010). Lastly, Pc1 waves
with frequencies ranging between 0.2 and 5 Hz were ob-
served in a pearls-on-a-string configuration. This Pcl wave
activity was highly localised and restricted to regions cover-
ing a relatively narrow L shells range (or differently, regions
extending over < 100 km, Engebretson et al., 2008). All
these different types of ULF waves observed in the topside
ionosphere are a complicated mixture of incident, reflected
and mutually converted waves (Pilipenko et al., 2011).

For the quantitative monitoring of localised variations of
power within time series of magnetic field data, wavelet
spectral analysis has become popular (for examples see Bal-
asis and Mandea, 2007; Balasis et al., 2012; Kunagu et al.,
2013). Since the 1990s, the wavelet transforms is being
more and more often applied as they offer a unique advan-
tage over conventional Fourier transforms; thanks to their
unique time localisation property, information is provided
not only about the frequency of features present but also
their location in the time series. Specifically, Balasis and
Mandea (2007) used a technique employing wavelet trans-
forms to look at CHAMP satellite data for ULF wave ac-
tivity, while Heilig et al. (2007) developed an algorithm for
the selection of possible ULF wave-related pulsation events
(mainly Pc3) from both ground and space magnetometer
data.

Previously, we had studied signatures of ULF waves in
magnetic field collected by the CHAMP satellite in the top-
side ionosphere and these were compared with observations
from two magnetospheric missions, Cluster and Geotail
during the 2003 Halloween geospace magnetic storm (Bal-
asis et al., 2012). Specifically, Pc3 along with Pc4-5 waves
were reliably but manually identified by examining series of
time-frequency spectrograms, produced with wavelet-based
algorithms. The concurrent observations of Pc3 and Pc5
wave observations from the topside ionosphere to the outer
magnetosphere revealed the potential of our wavelet-based
algorithms for the analysis of multi-satellite magnetic field
data and more importantly, the identification and classifica-
tion of ULF waves.

In this paper, we describe a recently developed suite of
wavelet-based algorithms suitable for the analysis of multi-
instrument multi-satellite and ground-based measurements
with the aim to detect ULF wave events in tri-axial satellite
magnetic field data and distinguish them from processing
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errors or instrumental noise in an automated way. The time-
frequency spectrogram forms the basis for the automated
ULF wave detection and is used along with statistics derived
from the time series data which convey information about
the nature of the signal (e.g., amplitude of the filtered time
series, spectral peak as well as frequency and wavelet power
it corresponds, first derivative of the wavelet power). The
first step consists of isolating short segments of the time
series data where the wavelet power exceeds a predefined
threshold power level. These are classified as wave “events”
and “non-events” depending on whether a series of criteria
are successfully met.

The applicability of the new wavelet-based algorithms is
demonstrated with a case study. Pc 3 waves have been de-
tected in tri-axial magnetic field data collected by the mag-
netospheric Cluster mission, the CHAMP and ST satellites
flying in the topside ionosphere and the CARISMA network
on the ground on 10 April 2006 between 19:59 UT and
20:43 UT. At the time, a magnetic storm which occurred
on 9 April 2006 when Dy reached a minimum valued of
—82 nT was in progress. Nonetheless, it can also be applied
for the detection of ULF waves observed within different
frequency regimes, waves recorded using ground-based in-
struments or instruments onboard satellites (independently
of whether satellite data is rotated into a field-aligned coor-
dinate system).

The paper is organized as follows. Section 2 describes
the dataset analyzed and the processing steps followed prior
to analysis, while the beginning of Section 3 argues on the
suitability of wavelet tranforms for detection and identifica-
tion of ULF waves. In the rest of Section 3, we present our
methodology, which consists of analysing ULF wave obser-
vations on time-frequency representation of magnetic and
electric field measurements in combination with statistics
derived from the time series. Lastly, in Section 4, we apply
our algorithms on data from the CHAMP, ST5 and Clus-
ter missions as well as the CARISMA network in a case
study to discover the complexities of analyzing multipoint
and multi-satellite observations. Section 5 summarises our
findings.

2. Data Selection and Processing

Swarm has been selected by the European Space Agency
(ESA) and scheduled for launch in 2013 with the aim to pro-
vide the most accurate survey of the Earth’s magnetic field
and its variations with time. For this purpose, one pair of
satellites will be flying side-by-side in near-polar, circular
orbits with an initial altitude and inclination of 450 km and
87.4°, respectively. The third satellite will be placed with
88° inclination at an altitude of 530 km (Friis-Christensen
et al., 2006). To ensure the unprecedented accuracy of mea-
surements of the geomagnetic field collected by the three
satellites, an absolute scalar magnetometer (ASM) is com-
bined with a compact spherical coil (CSC) vector magne-
tometer sensor and a stellar compass to determine the atti-
tude of the latter. Measurements of the magnetic field mag-
nitude will be made available at resolution of 1 Hz, while
the resolution of the magnetic field vector measurements
will be up to 50 Hz.

In this paper, we have selected magnetometer data from
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the German LEO CHAMP satellite from 10 April 2006.
The satellite had been launched in July 2000 into an al-
most circular, near-polar orbit (period: 94 minutes) with an
initial altitude of 454 km (Reigber et al., 2002). Among
the mission’s objectives was to study the geomagnetic field
and therefore, the satellite was equipped with a high perfor-
mance fluxgate magnetometer (FGM) to measure the three
components of the ambient magnetic field in the instrument
frame. The FGM was combined with a star camera pair to
determine the attitude of the assembly with respect to the
stellar frame and an Overhauser scalar magnetometer serv-
ing as magnetic reference. Magnetic field data from the
FGM with 1 s time resolution, provided in the sensor refer-
ence frame were supplemented by ion density data with 15
s resolution collected by the planar Langmuir probe (PLP).

In addition to magnetic field data collected by CHAMP
on the topside ionosphere, we used 1 s time resolution mag-
netic field data in solar magnetic (SM) coordinates obtained
by the 3 Space Technology 5 (ST5) microsatellites in orbit
on 10 April 2006. Launched in March 2006, the 90 days
mission of ST5 was primarily to test miniaturised satellites
in the harsh environment of space and evaluate their abil-
ity to conduct scientific measurements. ST5 deployed into
a 300 x 4500 km, dawn-dusk, and sun-synchronous polar
orbit (period: 136 minutes) with 105.6° inclination angle
(Slavin et al., 2008). The combination of CHAMP and ST5
observations provided us with an approximation of mea-
surements anticipated to be collected by the Swarm satel-
lites flying in the topside ionosphere.

Heilig et al. (2007) had developed an algorithm for the
selection of possible ULF wave-related pulsation events
(mainly Pc3) from both ground and space magnetometer
data, separately. To avoid a false interpretation of spa-
tial structures as pulsation signals, resulting from the fast
moving CHAMP satellite through the ambient field, they
subtracted from the measurements the Potsdam Magnetic
Model of the Earth (POMME) 2.5. This model includes the
main field, the field of the ring current, large-scale magne-
tospheric fields, and the crustal anomalies up to spherical
harmonic degree/order 90 (Maus et al., 2006). In particu-
lar, the removal of the last term was previously shown to be
important for pulsation studies (Sutcliffe and Liihr, 2003;
Vellante et al., 2004). However, one has to be aware that
there are other magnetic signatures associated, for example,
with plasma density fluctuations called equatorial spread-F
(Stolle et al., 2006) or F-region current systems, which are
not taken into account. Nonetheless, these signatures can
disturb the estimation of pulsation activity.

We have opted to perform wavelet analysis of CHAMP
FGM measurements without a priori processing of the data
using field models, since the wavelet transform should in
principle be capable of separating the various field source
contributions. Similarly to Balasis and Mandea (2007), a
high-pass filter was applied to data (thus removing the core
field) prior to wavelet analysis. The purpose of filtering the
time series was not only to emphasise short period signals,
but also to distinguish between artificial noise and natural
source signals.

ULF wave observations on the topside ionosphere were
compared with those collected by the Cluster spacecraft in
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the inner magnetosphere. Cluster, which consists of 4 iden-
tical spacecraft that fly in tetrahedral configuration, was
launched in 2000 with the aim to investigate the Earth’s
magnetic environment and its interaction with the solar
wind (Escoubet et al., 1997). For this purpose, the Cluster
spacecraft were originally placed in a 4 x 19.6 Rg ellip-
tical polar orbit (period: 57 hours), with the single space-
craft orbits designed to enable a perfect tetrahedron to be
formed at particular parts of the orbit. Cluster is the first
space mission to feature multiple magnetometer datasets.
For our study, we used magnetic field measurements from
the FGM instrument (Balogh et al., 1997) with a time reso-
lution corresponding to one spacecraft spin period, namely
4 s which have been provided in geocentric solar ecliptic
(GSE) coordinates. Additionally, we used 4 s electric field
measurements in the GSE coordinate system from the Elec-
tric Fields and Waves (EFW) instrument (Gustafsson et al.,
1997).

A different approach was followed for calibrated data
of the magnetic field from the four Cluster satellites. We
have projected the 4 s FGM magnetic field measurements
in a mean field-aligned (MFA) coordinate system which al-
lows to separate ULF field variations perpendicular to as
well as along the magnetic field direction. First, the av-
erage background magnetic field direction was estimated
from a 20-min running average of the instantaneous mag-
netic field and along this, the parallel component. Next,
the azimuthal component which is positive eastward and
the meridional component, pointing radially outward at the
magnetic equator were derived. Parallel, azimuthal and
meridional components are referred to as compressional,
toroidal and poloidal components, respectively. On the
other hand, similarly to the magnetic field data from the
CHAMP and ST5 satellites, a high-pass Butterworth filter
with a cut-off frequency of 16 mHz was then applied to fi-
nally obtain the wavelet power spectra covering the Pc3 fre-
quency range (typically 20-100 mHz).

Ground magnetometers of the Canadian Array for Re-
altime Investigations of Magnetic Activity (CARISMA)
chain are deployed across the North American continent
(Mann et al., 2008). Fluxgate along with induction mag-
netometers record the three-dimensional (3D) vector mag-
netic field and its fluctuations at the surface of the Earth. In
selecting data from the CARISMA network, we focused on
the instance when CHAMP traversed over northern Amer-
ica and selected the magnetic station located closest to the
footprint of its orbit on the ground. The magnetometer data
from the Island Lake (ISLL) station at corrected geomag-
netic latitude of 63.62° and corrected geomagnetic longi-
tude of 333.36° are made available at 1 s sampling resolu-
tion in geomagnetic coordinates.

3. Wavelet Transforms in the Study of ULF Waves

Time-frequency analysis transforms a time series into a
two-dimensional representation of frequency content with
respect to time, allowing to study evolving signals. The
Fourier transform identifies the frequency content of a sig-
nal by decomposing it as the sum of weighted sinusoidal
functions of different frequencies. By windowing the time
series and taking the Fourier transform of only a segment,
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we can identify changes in the frequency content from one
segment to the next. The window length and overlap can
be adjusted depending on the signal, but instantaneous esti-
mation of spectral power cannot be provided. The wavelet
transformation, instead of decomposing the signal into a ba-
sis of sine waves, decomposes the signal using temporally
confined base functions, called wavelets, which allows for
a much finer fit to the signal. The advantage of the wavelets
over conventional sinusoidal functions is thus their time lo-
calization ability, providing information not only about the
frequency of waves but also about their location in the time
series.

A number of different methods have also been used in
ULF wave analysis. Recently, the Hilbert-Huang trans-
form (HHT), a nonlinear time-frequency analysis technique
has been introduced to decompose the non-linear wave-
form of high-latitude geomagnetic pulsations into different
wave modes such as Pil, Pi2 and Pc3 waves (Kataoka et
al., 2009). Maximum Entropy Spectral Analysis (MESA)
is a different nonlinear method which has been used by
Ndiitwani and Sutcliffe (2009) to compute the dynamic
spectra of Pc3 waves observed by the CHAMP satellite as
well as on the ground. On the other hand, the Wigner-
Ville distribution, and related refinements, offers a class of
time-frequency analysis tools that are distinguished from
Fourier and wavelet transforms by superior temporal and
frequency resolution in the time-frequency plane (Chi and
Russell, 2008). Complex demodulation has been occasion-
ally used for its ability to provide instantaneous estimates
of the waves amplitude, phase and polarization at a specific
frequency through comparison with a reference signal (i.e.,
Lee et al., 2007).

Despite the multitude of time-frequency analysis meth-
ods which have been proposed over the years, a series of
arguments supports the selection of the wavelet analysis for
ULF wave studies. The frequencies of Pc3 wave events to
be investigated are some tens of mHz and therefore, mag-
netic field data with a few mHz resolution are needed. Us-
ing the Fourier transform, this would require 15-20 min-
utes intervals of data. However, since a LEO satellite such
as CHAMP was moving with a speed of 4° lat./min, these
long intervals corresponding to latitudes ranging from 60°
to 80° would have made it impossible to investigate the spa-
tial structure of these waves (Heilig et al., 2007). Nonethe-
less, the wavelet analysis proved suitable to overcome this
problem, as it has the ability to measure all the frequencies
on their appropriate scales.

Specifically, a previously performed wavelet analysis
covering approximately three years (August 2000-May
2003) of 1 Hz magnetic field data collected by the FGM
instrument onboard the CHAMP satellite gave promising
results (Balasis et al., 2005). The wavelet based analysis
of CHAMP data was able to detect, identify and classify
artificial noise sources, such as instrumental problems and
pre-processing errors as well as high frequency natural sig-
nals of external fields, such as F-region ionospheric plasma
bubbles (see Stolle er al. (2006) for a statistical analysis
of these events) and lastly but more importantly, magne-
tospheric Pc3 waves.
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3.1 The time-frequency analysis (TFA) tool

In this paper, we present an automated time-frequency
analysis (TFA) tool based on the continuous wavelet trans-
form and the Morlet function is used as the wavelet basis
function (Fig. 1). On the selection of an appropriate mother
function, we have tested some of the most commonly used
in the literature and concluded that the best options are the
“Paul” and “Morlet” functions. Specifically, the Paul func-
tion has a better accuracy in the temporal dimension, while
the Morlet function is more accurate in the frequency do-
main. Since we are more interested in the accurate fre-
quency decomposition of waves, we have opted in favor
of the latter, though the results were checked with both for
consistency.

We should also note that there are several parameters of
the wavelet transform (e.g., frequency range, power spectral
density amplification factor, etc.) which need to be correctly
adjusted in order to capture different characteristics of the
signal. For example, a low value of the non-dimensional
frequency parameter of the Morlet wavelet, wy = 5-10,
gives high time resolution, appropriate for the study of the
Pc4-5 waves. However, a higher value, wg = 16-20, is
better suited for Pc3 waves, when it necessary to more ac-
curately determine the pulsations frequency, as we do in this
paper. On the other hand, the power scaling factor, a mul-
tiplier to be applied to the estimated wavelet power spec-
tra, for normalization purposes or to enhance the spectra on
cases of very weak activity, is set with test data sets.

The input and output of the new wavelet analysis tool on
satellite magnetic field measurements are described below:

1) daily data files of magnetic field measurements with
different time resolutions are received as input; and

2) wavelet power spectra of the total magnetic field for
each half-orbit (i.e. as the satellite flies from a geo-
magnetic latitude of —90° to +90°) are produced as
output.

In detail, for the case of the CHAMP mission, which
takes approximately 45 minutes to complete a half-orbit,
this MATLAB routine produces 32 figures per day. Typical
examples are being given in Figs. 2—4, in which no lati-
tudinal constraint on the analysis of the satellite data was
imposed. The figures produced consist of three graphs:

1) the upper panel showing the filtered time series of the
magnetic field magnitude;

2) the second panel with the corresponding power spec-
trum produced from wavelet analysis;

3) a third panel with the time variation of the PLP mea-
surements, providing information about the particle
population along the satellite’s orbit (y axis on the left
and black line on the graph) together with the magnetic
latitude of the satellite as a function of time, coupled
with the magnetic local time (MLT);

all about the corresponding time period in which the satel-
lite is in the user-defined area of interest, and continue giv-
ing such plots for every passing until the input data are ex-
hausted (usually data spans a 24 hours time period). In the
wavelet power spectrum of Fig. 4, ULF wave activity is
clearly seen starting approximately at 20:08 UT and last-
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Fig. 1. Flowchart of the Detection Process. Each candidate is tested against a series of criteria (blue boxes) and if it passes, it is being forwarded to the

next. If not, it is assigned to the appropriate category (red, outer boxes) based on which test it failed to pass. To be characterized as an actual Event, a
candidate must meet all criteria, in which case it is passed to the output.

CHAMP 1 Hz FGM & 15 s DIDM-PLP data, from 21:13 to 21:41 UT on 11 January 2003
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Fig. 2. CHAMP track with a step discontinuity. From top to bottom, CHAMP filtered magnetic field time series, its corresponding wavelet power
spectrum and the combined PLP data / magnetic latitude plot, all with respect to time (UT) for a satellite pass between 21:13 and 21:41 UT on 11

January 2003. The bottom row provides additional information about the satellite’s MLT position. The noise is marked with a ‘[FALSE]’ (in red)
flag in the lower panel.
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Fig. 3. CHAMP track with a spike. As in Fig. 2 but from 18:48 to 19:17 UT on 13 February 2003. The noise is also marked here with a ‘[FALSE]’ (in
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CHAMP 1 Hz FGM & 15 s DIDM-PLP data, from 18:48to 19:17 UT on 13 February 2003
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ing for almost half an hour on 10 April 2006, namely in the
recovery phase of the storm occurred on 9 April 2006 when
the Dy was ~ —30 nT. The peak power is detected between
22 to 32 mHz, in the frequency range of Pc3 waves.

The wavelet power range was selected in this example
to facilitate comparison between different natural or artifi-
cial signals and the observations from the ground and space
magnetometer data presented in the next sections. It was
set to improve the visualization of results. Within the TFA
tool, a different power range can be used for each space mis-
sion and ground observatory and needs to set empirically to
cover most cases of activity. It is true, that for some rare
and extreme cases, there will be saturation, but those cases
can then be examined separately with more detail.

While there is an option to remove the local magnetic
field (for LEO satellites such as CHAMP) with the use of a
model of the Earth’s magnetic field or differently estimate
the cubic fit on the time series segment to be analyzed, in
this example, we have chosen to perform wavelet analysis
of CHAMP FGM measurements without a priori processing
using magnetic field models. As it has been detailed in
Section 2, with the application of a high pass filter, the
slower variations will be removed and short period signals,
namely Pc3 waves will be revealed.

3.2 Automated detection of ULF wave events

In this section, we use three time series of the total mag-
netic field and ion density data from the CHAMP satellite
each covering 24 hours. Specifically, FGM and PLP data
from 11 January 2003, 13 February 2003 and 10 April 2006
are used to demonstrate the procedure followed to detect
and characterize ULF wave events. The data are sampled at
a frequency of 1 Hz, namely the sampling frequency they
are provided and are processed in blocks of 1 day. Our
methodology consists of the following steps (Fig. 1).

We use the wavelet transform implemented in a conven-
tional dynamic spectrogram as the starting point. First, we
scan the wavelet power spectrum along the temporal di-
mension to find consecutive points for which the wavelet
power exceeds a predefined threshold. We mark these in-
tervals as “Candidate events” and extract a number of cru-
cial signal parameters from the wavelet power spectrum and
the original time series. Specifically, the parameters de-
rived from the wavelet power spectrum include: onset and
duration of the “Candidate events” as well as number of
points for which the wavelet power is above the predefined
threshold, value of total wavelet power but also of average
wavelet power over the isolated intervals, spectral peak as
well as frequency and wavelet power it corresponds, occur-
rence time of peak frequency and first derivative of wavelet
power at the highest frequency, and frequency range where
wavelet power is enhanced.

In other words, our algorithm has been designed hav-
ing in mind the way a human would manually detect wave
activity by looking at a wavelet spectra; namely, by look-
ing for portions of the wavelet spectrum where wavelet
power appears to be significantly higher than in the sur-
rounding and the frequency around which the enhancement
in wavelet power is centred varies with time in some regu-
lar way. Nonetheless, both step changes and spikes present
in the magnetic field time series are transformed during fil-
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tering, which results in a characteristic pattern of a damped
sinusoidal oscillation of varying frequency. A significant
part of the algorithm is devoted to detecting exactly these
features in the wavelet power spectrum and classify them as
a “False Positive” signal.

For this purpose, from the filtered time series the max-
imum amplitude of signal is extracted along with the dif-
ference of maximum amplitude from the mean value, mea-
sured in standard deviations of the time series, and lastly
the signal roughness (average absolute value of its second
derivative at local extrema). To these parameters, the rough-
ness of the ion density time series is added as well as in-
formation about the magnetic latitude of the satellite and
magnetic local time the observations correspond. We use
the classification schema which is illustrated in Fig. 1 and
is based on this set of parameters to examine if the “Candi-
date events” passes successfully six criteria to be marked as
an actual “Event”. In case of failure, we identify the candi-
date track as a “False Positive” or “Non-Event”. We plot the
track with the appropriate flags, classify it and save relevant
statistics.

We examine the efficacy of our methodology in the pres-
ence of a step change and a spike in the magnetic field time
series in Figs. 2 and 3, respectively. Short lived bursts and
spikes in the magnetic field data tend to result in enhance-
ments of the wavelet power but they exhibit none of the
characteristics typical to wave phenomena. A major differ-
ence lies in the fact that these “False events” are character-
ized by enhanced wavelet power at so high frequencies as
250 mHz. Futhermore, the wavelet power increases and de-
creases rapidly at the high frequencies. As a consequence,
their detection and proper classification as “False events” is
possible by examining the time derivative of their wavelet
power and checking whether it exceeds a predefined thresh-
old. Similar behavior is expected in cases of discontinu-
ities in the time series, such as data gaps, which are being
translated through filtering in artificial oscillations. Even
these oscillations in the filtered time series exhibit a sud-
den increase of the wavelet power at high frequencies and
therefore, can be classified according to the same criterion
(criterion #1).

Unusually short duration of wavelike events is also a
valid indication that “Candidate events” do not correspond
to actual wave activity and so is a low number of points with
wavelet power above the predefined threshold, suggesting
extremely weak activity associated with background noise
(criteria #2 and 3). The next criterion (criterion #4) em-
ployed is based on the roughness of the magnetic field time
series to capture filter ringing effects which are character-
ized by the artificial oscillation in the filtered time series
which appears “too smooth” to correspond to a natural sig-
nal. “Measures of roughness” employed are the average
second time derivative of the time series, computed only in
cases of local extrema, and the time series fractal dimension
computed by means of the Box Counting method.

Lastly, “Candidate events” corresponding to areas of in-
tense fluctuations in the ion density may be attributed to the
presence of equatorial spreads in the F region of the iono-
sphere, or in general plasma instabilities. To identify these
cases and classify such special events as “Instabilities”, the
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Fig. 5. A three-column figure, presenting the output of the time-frequency analysis tool for the three-satellite case, using data from ST5 155, 094 and
224 satellites (after subtracting IGRF model) at the closest pass in time with the CHAMP track of Fig. 4. From top to bottom, filtered magnetic field,
wavelet power spectrum, and magnetic latitude vs time. The bottom row at each column provide additional information about the satellites” MLT
position. Flagging of noisy segments and wave events in lower panels as in Figs. 2—4.

roughness of the ion density time series is used (criterion
# 6). Only if all six criteria are successfully met, the seg-
ment of the wavelet power spectrum isolated as “Candidate
event” is flagged as an “Event”. An example of such a suc-
cessfully detected event is given in Fig. 4, which is analyzed
in detail in Section 4.

Obviously, the way in which the algorithm separates ULF
wave events is somehow arbitrary and different values of the
initial wavelet power threshold may yield different results.
The decision in favor of a rather lenient first threshold is
based on the fact that in this manner even short and weak
magnetic field oscillations can be detected, while a stricter
threshold would risk splitting ULF wave events of rather
long duration to multiple shorter ones. It is worth noting
also that all parameters are already computed before ULF
wave events are classified as such. Thus, useful statistics
can be derived for each and every category of events, giving
valuable insights on plasma instabilities as well as indica-
tions on the general wave activity with respect to time.

4. Demonstration of the TFA Tool

Figure 4 presents the CHAMP total magnetic field fil-
tered time series and Pc3 wave dynamic spectrum for the
time interval from 19:59 to 20:43 UT on 10 April 2006.
The third panel in Fig. 4 shows the electron density data

derived from the 15 s PLP measurements. The correspond-
ing values of the CHAMP magnetic latitude and MLT are
also provided in that panel, showing that the satellite was
located in the dayside. The inclusion of the electron den-
sity recordings helps to identify the time segments of the
signal that contain signatures of the post-sunset equatorial
spread F (ESF) events (Stolle et al., 2006) and discriminate
between Pc3 wave and plasma depletion occurrence. In the
wavelet power spectrum, ULF wave activity is clearly seen
starting approximately at 20:08 UT and lasting for almost
half an hour, namely in the recovery phase of the storm oc-
curred on 9 October 2006 when the Dy was ~ —30 nT.
The peak power is detected between approximately 22 to
32 mHz, in the frequency range of Pc3 waves.

In Fig. 5, we provide an example of the applicability of
the tool on measurements from a LEO multi-satellite mis-
sion using data from the three satellites of the ST5 constel-
lation (SC-155, SC-094 and SC-224) collected during 10
April 2006. The plots drawn from top to bottom are the fil-
tered total magnetic field, after subtracting the correspond-
ing IGRF model (Macmillan and Maus, 2005), wavelet
power spectrum, and magnetic latitude versus time. The
x axis of the plot at the bottom of each column provides
information about the Universal Time (UT) as well as the
respective satellites” MLT position. Due to constellation’s
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Fig. 8. Map showing the projection of CHAMP track onto the ground (in yellow) and the location of Island Lake (ISLL) station.

formation, ST5-155 track lasts from 20:00 to 21:28 UT,
ST5-094 track starts at 20:11 and ends at 21:36 UT and
ST5-224 track lasts between 20:13 and 21:38 UT. All plots
indicate prominent Pc3 activity (22-32 mHz) at approxi-
mately 20:30 to 21:00 UT. Between 20:00 and 21:00 UT,
the STS5 constellation was near its apogee at the dawnside,
with the leading satellite located at 67° latitude and 112°
longitude, while the trailing satellites were flying at approx-
imately 73.5° latitude and 157° longitude, passing from the
nightside to the dayside magnetosphere and from the south-
ern to the northern hemisphere.

Figures 6 and 7 show composites of dynamic wavelet
power spectra from 19:59 to 20:43 UT (for the same time
interval as with CHAMP track) in the Pc3 frequency range
for all Cluster spacecraft. In Fig. 6 we provide the re-
sults from the application of TFA tool on the magnetic field
measurements of Cluster-1, 2, 3 and 4 after the latter were
transformed into an MFA coordinate system (i.e., poloidal,
toroidal and compressional components). In Fig. 7 we pro-
vide the results from the application of TFA tool on the
electric field measurements of Cluster-1, 2, 3 and 4 in the
Geocentric Solar Ecliptic (GSE) coordinate system (i.e., X,
Y and Z components). It should be noted that the Cluster
constellation had crossed the magnetopause and was head-
ing towards the perigee during the time interval between
20:00 and 21:00 UT on 10 April 2006. At approximately
20:30 UT, the four satellites were located at a distance of
12 to 13.5 Rg, with the 3 first around (1, —6.5, —10.5) R,

in XYZ GSE coordinates and the Cluster-4 lagging behind
at about (1.27, —7, —11) Rg. Figure 6 shows that there
is intense activity seen for the whole time interval and at
all frequencies by the Cluster-4 satellite, while Cluster-3
seems to be less contaminated by signals (both in a temporal
and spectral manner) in comparison to the rest of mission’s
spacecraft. As expected the dynamic wave power spec-
tra of the electric field data for the four spacecraft (Fig. 7)
are much more noisy than the corresponding spectra of the
magnetic field (Fig. 6).

In order to examine observations from ground sta-
tions corresponding to satellites’ location, we examine the
CHAMP footprints between 19:59 and 20:43 UT on 10
April 2006. The CHAMP satellite was flying in the dayside
topside ionosphere, from the southern to the northern hemi-
sphere and at 20:30 UT was located at 37.6° geographical
latitude and 275.2° geographical longitude, with its foot-
print lying at 38.5° latitude and 275° longitude (Fig. 8).
The search for the footprint of CHAMP on the Earth’s sur-
face led us to the Island Lake station (found at 53.86° lat-
itude, 265.34° longitude) located along the Churchill Line
of the CARISMA network (Fig. 8). After applying a 16
mHz high-pass filter to the 1 Hz FGM measurements (H,
D and Z components) of this station, we have derived their
corresponding wavelet power spectra in the Pc3 frequency
band.

Figure 9 presents a composite of dynamic wavelet power
spectra, covering the Pc3 wave activity as seen by the
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Fig. 10. The normalized average power in the Pc3 frequency range derived from the wavelet power spectra of Fig. 9 for Cluster-3 MFA components,
CHAMP total field, and Island Lake H and D components, between 19:59 and 20:43 UT on 10 April 2006. We clearly observe coincident maximum
values of wave power at 20:27 UT for Cluster-3 poloidal, CHAMP total and Island Lake D component.

Cluster-3, ST5-155 and CHAMP satellites as well as at the
Island Lake ground station between 19:59 and 20:43 UT on
10 April 2006. In particular, Fig. 9 shows the wavelet power
spectra of the poloidal, toroidal and compressional compo-
nents for Cluster-3 in the dayside magnetosphere and the

total field for ST5-155 and CHAMP located at ~ 18 MLT
and 15 MLT, respectively. Additionally, we depict the H
and D components for the CARISMA station. In Fig. 10 we
show the normalized average power in the Pc3 frequency
range derived from the wavelet power spectra of Fig. 9 for
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activity.

Cluster-3 MFA components, CHAMP total field, and Island
Lake H and D components, between 19:59 and 20:43 UT
on 10 April 2006. Simultaneous peak values of wave power
at 20:27 UT are evident for Cluster-3 poloidal, CHAMP to-
tal and Island Lake D component. This demonstrates the
ability of the TFA tool to detect coherent ULF wave signa-
tures at various platforms in different locations. Moreover,
Fig. 11 focuses on the time interval from 20:07 to 20:35 UT
on 10 April 2006, showing power spectra for the CHAMP
satellite (total field) and Island Lake station (H and D com-
ponents). Figure 11 shows that CHAMP and Island Lake
simultaneously observe Pc3 wave activity at the frequency
range between 22 and 32 mHz with peak wave power seen
approximately around 20:25 UT (the peak power is proba-
bly seen a couple of minutes earlier in CHAMP data and on
the ground D component in comparison to H component).

5. Discussion and Conclusions

This paper describes a time-frequency analysis tool for
automated detection of magnetospheric ULF wave events in
magnetic and electric field observations made from multi-
satellite missions and ground-based networks.

This new tool has been based on the experience gained
through the analysis of magnetic field data collected by the
CHAMP mission in combination with data from the Cluster
mission, the results of which have been presented in our
previous paper (Balasis et al., 2012), where ULF waves
were reliably but manually identified by examining series of
time-frequency spectrograms, produced with wavelet-based
algorithms. The technique developed for the detection of

ULF waves is simple, but we think that it could be useful for
the analysis of observations expected to be collected by the
Swarm mission concurrently with the Cluster mission. The
case study has been added to demonstrate its capabilities as
these have been tested so far.

Focusing on the 3-month interval that data from the
multi-satellite LEO mission of ST5 are available (March—
June 2006), we show an application of our tools relevant
to the moderate magnetic storm of 9 April 2006 (with Dy
minimum —82 nT). First, we find a clear signature of a Pc3
wave event in the magnetic field recordings of the topside
ionosphere CHAMP satellite that occurred in the recovery
phase of the storm. Then, we proceed to examine simulta-
neous magnetic field measurements from the multi-satellite
topside ionosphere mission STS. Additionally, we look to
magnetic and electric field data from Cluster 4-spacecraft
mission for the same event and check the ground magnetic
station Island Lake of the CARISMA array, which is the
closest station to the CHAMP’s footprint. CHAMP and
Island Lake analysis results show evidence for simultane-
ous observed Pc3 wave activity from 20:07 to 20:35 UT at
the frequency range between 22 and 32 mHZ with peak in-
tensity centered approximately around 20:25 UT (the peak
wave power is probably seen earlier in CHAMP data and on
the ground D component in comparison to H component).

An interesting result arises by performing some addi-
tional analysis that involves calculations of the average Pc3
power from the original wavelet power spectra in the mag-
netosphere (Cluster), topside ionosphere (CHAMP) and
Earth’s surface (Island Lake). Coincident maximum val-
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ues of wave power are evident at 20:27 UT for Cluster-3
poloidal, CHAMP total field and Island Lake D component.
These coherent Pc3 wave signatures indicate that our tool
can facilitate monitoring of a ULF wave event in different
locations of geospace. We note that this particular event de-
serves further attention, because multi-point wave observa-
tions are usually made when different satellites are in good
local time conjunction, while Cluster and CHAMP were not
in such a conjunction during this event.

Thanks to TFA tool’s ability to distinguish magneto-
spheric pulsations from processing errors and / or instru-
mental noise, the scientific merit for the large (external
and internal field) researchers’ community interested in the
Swarm mission would expected to be at various levels:

(a) Capability to identify artificial source noise in the
time series.

(b) Capability to detect external source natural signals in
the time series.

(c) Applicability both to multi-satellite and single satel-
lite missions flying in different regions of the magneto-
sphere and topside ionosphere (i.e., opening opportunities
for Cluster—Swarm combination or synergetic studies).

(d) Applicability both to spaceborne and multiple ground
data.

(e) Applicability both to magnetic and electric field mea-
surements as well as particle data.

The above mentioned characteristics are equally impor-
tant for internal field modellers (e.g., data selection) as well
as space physicists (e.g., ULF wave events and equatorial
spread-F (ESF) events statistics).

Scientifically useful analysis of in situ ULF wave data
also requires analysis of coherence (or coherency), phase
difference, polarization parameters such as azimuth angle,
ellipticity and degree of polarization. In addition the Poynt-
ing flux is extremely useful. At the very least, coherence
is an important parameter, widely used in other multipoint
in situ and ground-satellite studies (e.g., Takahashi ez al.,
1990; Kim and Takahashi, 1999; Teramoto et al., 2011).
The derivation of polarization and propagation parameters
in a field-aligned coordinate system is already part of our
work in progress and there are plans to implement these
features in the TFA tool. So far we have experimented with
techniques based on either the eigenvalue or singular value
decomposition of the field components’ spectral matrices,
as described in Samson (1973) and more recently by Santo-
lik (2003). We already have encouraging initial results and
are confident that these methods will be an integral part of
next versions of our tool.
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