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Abstract. The ongoing Swarm satellite mission provides an
opportunity for better knowledge of the near-Earth electro-
magnetic environment. Herein, we use a new methodologi-
cal approach for the detection and classification of ultra low-
frequency (ULF) wave events observed by Swarm based on
an existing time-frequency analysis (TFA) tool and utilizing
a state-of-the-art high-resolution magnetic field model and
Swarm Level 2 products (i.e., field-aligned currents – FACs
– and the Ionospheric Bubble Index – IBI). We present maps
of the dependence of ULF wave power with magnetic lati-
tude and magnetic local time (MLT) as well as geographic
latitude and longitude from the three satellites at their differ-
ent locations in low-Earth orbit (LEO) for a period spanning
2 years after the constellation’s final configuration. We show
that the inclusion of the Swarm single-spacecraft FAC prod-
uct in our analysis eliminates all the wave activity at high al-
titudes, which is physically unrealistic. Moreover, we derive
a Swarm orbit-by-orbit Pc3 wave (20–100 MHz) index for
the topside ionosphere and compare its values with the corre-
sponding variations of solar wind variables and geomagnetic
activity indices. This is the first attempt, to our knowledge, to
derive a ULF wave index from LEO satellite data. The tech-
nique can be potentially used to define a new Level 2 product
from the mission, the Swarm ULF wave index, which would
be suitable for space weather applications.

Keywords. Space plasma physics (waves and instabilities)

1 Introduction

Swarm is the fourth Earth Explorer mission of the Euro-
pean Space Agency (ESA), launched on 23 November 2013.
The mission measures the geomagnetic field by identify-
ing and measuring magnetic signals from the Earth’s core,
mantle, crust, oceans, ionosphere, and magnetosphere (Friis-
Christensen et al., 2006). Additionally, Swarm data are used
to study the Sun’s influence on the Earth system by analyz-
ing electric currents in the magnetosphere and ionosphere
and understanding the impact of solar wind on the dynam-
ics of the upper atmosphere. Swarm currently offers one of
the best-ever surveys of the Earth’s main and crustal mag-
netic field (Civet et al., 2015; De Michelis et al., 2015; Hu-
lot et al., 2015; Olsen et al., 2015; Schnepf et al., 2015) as
well as the near-Earth electromagnetic environment (Alken
et al., 2015; Archer et al., 2015; Buchert et al., 2015; Dun-
lop et al., 2015; Goodwin et al., 2015; Iyemori et al., 2015;
Lühr et al., 2015a, b; Park et al., 2015; Pitout et al., 2015;
Spicher et al., 2015). The interested reader is also referred
to the special issue “Swarm science results after 2 years
in space” (for details, see Olsen et al., 2016). The final
constellation of the three-satellite mission with two space-
craft (Swarm A and C) flying side by side at low altitude
(∼ 460 km) and one (Swarm B) flying at a slightly higher al-
titude (∼ 510 km) was achieved on 17 April 2014.

Magnetospheric ultra low-frequency (ULF) waves in the
topside ionosphere are typically transmitted from magneto-
spheric and upstream solar wind sources. Just as is the case
for ULF waves observed on the ground, the amplitude of
the waves in the topside ionosphere is significantly smaller
than that of the background magnetic field. Observations in
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the topside ionosphere therefore require magnetometers that
are both extremely sensitive (< 1 nT) and have a large dy-
namic range (±60 000 nT). ULF wave observations in the
ionosphere were first reported in the late 80s during the
MAGSAT era (Iyemori and Hayashi, 1989) when data from
the mission were used to detect Pc1 waves (with frequency
f ' 0.2–5 Hz). A number of magnetic and electric field mis-
sions flying in a low-Earth orbit (LEO), like CHAMP, Ørsted,
SAC-C, or ST5, have enabled us to study in situ the occur-
rence of ULF waves in the topside ionosphere. In particular,
ULF wave monitoring from LEO satellites has been most
prominently reported in the Pc3 frequency range (f ' 20–
100 MHz) (e.g., Jadhav et al., 2001; Vellante et al., 2004;
Heilig et al., 2007, 2013; Ndiitwani and Sutcliffe, 2009; Le
et al., 2011; Balasis et al., 2012, 2015a; Chi and Le, 2015;
Yagova et al., 2015), while for Pc1 waves (e.g., Engebret-
son et al., 2008; Park et al., 2013a) and Pi2 waves (f ' 2–
25 MHz) (e.g., Sutcliffe and Lühr, 2003) there have been
fewer studies.

The CHAMP satellite has been one of the most success-
ful missions for the study of the Earth’s magnetic field, with
high-sensitivity and accuracy magnetometer measurements
orbiting within an altitude range of 450–300 km for more
than a decade (July 2000–September 2010). For the first time
long-term statistical studies on the occurrence of compres-
sional Pc3 waves in the topside ionosphere were possible
(Heilig et al., 2007). Recently, new features of Pc3 wave
power in the topside ionosphere were revealed by Swarm ob-
servations based on 1 year of mission data (Balasis et al.,
2015b). Moreover, Heilig and Sutcliffe (2016) used Swarm
data to investigate the distribution of wave coherence and
phase difference as functions of magnetic latitude and local
time.

A satellite flying in a polar, low-Earth orbit is a suit-
able platform for observing ionospheric instabilities in the F-
region like the post-sunset equatorial spread-F (ESF) events
(Stolle et al., 2006). These instabilities are generally accom-
panied by local depletions of the electron density.

In this study, we present a new technique that combines
a wavelet spectral analysis technique (Balasis et al., 2013),
a state-of-the-art high-resolution magnetic field model (Fin-
lay et al., 2016), and Swarm Level 2 products (i.e., field-
aligned currents – FAC – and the Ionospheric Bubble Index
– IBI) in order to study the occurrence and distribution of
compressional Pc3 waves in the topside ionosphere based on
Swarm observations for a time period spanning 2 years. We
derive orbit-by-orbit (i.e.,∼ 1.5 h) variations of the Pc3 wave
power, thus leading to the calculation of the Swarm ULF
wave index for the topside ionosphere, and compare them to
variation of the geomagnetic activity indices and solar wind
parameters from the same time interval.

The rest of the paper is structured as follows: in Sect. 2
we describe the processing related to Swarm data and the
analysis technique used for monitoring ULF waves with LEO
satellites. Section 3 presents our results on Pc3 wave occur-

rence mapping and the corresponding Pc3 power index for
the three Swarm satellites. In Sect. 4 we conclude with a dis-
cussion.

2 Data processing and analysis technique

LEO observations of ULF waves can only be reliably done
and without too much spatial aliasing for the Pc1/Pi1 and
Pc2/3 waves. Due to the fast motion through field lines in a
LEO orbit, lower-frequency Pc4–5 waves (1–10 MHz) can-
not be accurately determined by LEO satellites, their pe-
riod being longer than the spacecraft transition time through
the wave region. Though Pi2 waves have lower frequencies,
thanks to their large spatial scales at low latitudes, they have
also been detected by LEO satellites (Sutcliffe and Lühr,
2003; Han et al., 2004; Cuturrufo et al., 2015). Two types of
Pc3 waves are observed by LEO satellites: intense localized
Alfvén-type waves with transverse magnetic disturbance or
weak global compression-type waves recorded in the field-
aligned component. In this study, we analyze the magnitude
of the magnetic field, thus considering the second type of
wave.

In particular, we use the low-resolution magnetic field data
with a sampling rate of 1 Hz, and hence we had to limit our
analysis to the Pc3 class, covering frequencies from 20 MHz
(50 s) to 100 MHz (10 s). An electromagnetic wave of higher
frequency, e.g., at 200 MHz, would be captured in the low-
resolution data by a pulsation with a period of merely 5 data
points, making the analysis statistically dubious.

Our method consists of two parts. The first is the construc-
tion of a database of daily power spectra, while the second
consists of the actual wave detection. For the construction of
the database we used the last available version of magnetic
data from the vector fluxgate magnetometer (VFM) instru-
ment (version 4.8 for Swarm A and B and versions 4.9 and
4.10 for Swarm C) as well as additional data from the elec-
tric field instrument – EFI (version 4). To further enhance our
analysis, we also incorporated data from the daily Level 2
products concerning the FAC and IBI (version 2 for both).
For details on the definition and derivation of these products,
see Park et al. (2013b) and Ritter et al. (2013), respectively.

For every day in the time interval of interest, which
spanned the time period from 15 May 2014 to 15 May 2016,
we perform the following analysis. First, the magnetic data
cdf files corresponding to the day in question are read, along
with the files of the previous and next days. Since all spectral
methods are plagued by edge effects (Torrence and Compo,
1998), we append the magnetic field time series of the cur-
rent day, with a few hours long time series from the previous
and next days, so that whatever edge effects appear they will
affect these additional “margins”, which can then be safely
removed from the process, leaving the spectral data of the
day under processing free from such issues. From the mag-
netic time series of the VFM instrument we derive the mag-
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nitude of the magnetic field and subtract from it the total field
that is predicted, for the same position and moment in time,
by the CHAOS-6 model (Finlay et al., 2016). CHAOS-6 is
a geomagnetic field model spanning 1999–2016.5, derived
from Swarm, CHAMP, Ørsted, and SAC-C satellite magnetic
data and ground observatory data. The model uses spatial
differences along-track from CHAMP and Swarm and also
east–west differences from Swarm (Kotsiaros et al., 2014).
To the derived field time series we then apply a Chebyshev
type II, zero-phase, high-pass filter with a cutoff frequency of
20 MHz to remove all lower-frequency components from the
signal and to place the Pc3 range in the spotlight (Williams
and Taylors, 1988).

A series of studies highlighted the significance of apply-
ing wavelet analysis, especially its suitability for multi-point,
small-scale disturbances, in the investigation of ULF wave
events (e.g., Nosé et al., 1998; Balasis et al, 2012; Xu et al.,
2013). Using the wavelet method, with the Morlet mother
function, we produce the power spectrum of the magnetic
field series for 50 logarithmically spaced frequencies from
20 to 100 MHz (Balasis et al., 2013), and remove the afore-
mentioned margins. In parallel to that, the positional vector
of the spacecraft is extracted from the files and converted to
magnetic coordinates (magnetic latitude, longitude and local
time), as well as the electron density series from the EFI data
files of the same day. The final spectrum, along with the time
series of the magnetic field, the electron density, and all posi-
tional information are then exported in a daily file and saved
in the database.

The wave detection begins by reading the daily output files
and segmenting them in tracks (half-orbits) from −90◦ to
+90◦ at magnetic latitude. For each such track, the maximum
power per second that is stored in the spectrum is calculated
and all segments of consecutive points (seconds) that exceed
a threshold of 0.5 nT2 Hz−1 (which roughly corresponds to a
pulsation with a minimum amplitude of 0.15 nT) are labeled
“candidate events”. Each candidate is tested against a series
of criteria that help rule out artificial signals that might result
from instrument or telemetry errors. As such, for the candi-
date event to not be discarded, it must exhibit a duration of at
least 2 times its peak period, it must have an amplitude that
does not exceed certain limits (10 nT), and it must be smooth
enough to constitute a continuous pulsation, so its difference
series must always be smaller than ±1 nT. These threshold
values have been deduced empirically, by visual examination
of a large number of events, and it was found that candidates
that exceed these values were polluted by spikes or large dis-
continuities and thus should be removed from the process. In
order to avoid traces of activity from lower Pc classes (below
20 MHz) that have not been completely eradicated by the fil-
tering process, we further demand that the peak of the wave
activity be at a frequency that does not lie at the limits of the
examined range, so only pulsations with a peak frequency
that lies above 21 MHz are accepted.

In order to remove events that are influenced or caused
by ESFs at low latitudes, field-aligned or auroral currents at
higher latitudes, or in general by other, unclassified anoma-
lies in the electron density profiles, we introduce the Plasma
Instabilities category and assign to it all wave-like events that
can be attributed to these kinds of phenomena. In order to do
so, we impose two criteria on the Level 2 product series and
demand that in order for a candidate to be a true Pc3 wave
event, it must exhibit a value of bubble probability (as de-
fined in the IBI product) of less than 1 % and a field-aligned
current amplitude (taken from the FAC product) that is less
than 0.5 µA m−2, both of which must be met for the entire
duration of the event. Additionally, if the candidate was de-
tected when the satellite was located in the nightside sector,
an additional criterion must be met, namely that its electron
density series (extracted from the EFI data files) must not
display abrupt changes. In any of these cases the candidate is
classified as belonging to the Plasma Instabilities class and is
saved in a separate database. On the other hand, if the can-
didate successfully passes the two criteria for ESF and FAC
detection and is located either in the dayside sector or on the
nightside, but exhibits a smooth enough electron density se-
ries, then it is classified as a Pc3 wave.

In both cases, for every event several characteristics are
extracted, such as its duration, peak frequency, average and
total power, and bandwidth (the range of frequencies for
which the event exhibits power above 50 % of its peak value).
All these are saved in a separate matrix for further post-
processing and derivation of statistics. For the production
of wavemaps, a slightly different approach was used, since
waves are by nature extended in space and cannot be accu-
rately represented by a single number (or set of numbers).
For this case, the coordinate space, either geographical lat-
itude versus longitude or magnetic latitude versus magnetic
local time (MLT), is divided into a 50 by 50 grid, which pro-
vides a resolution of 3.6◦ in latitude, 7.2◦ in longitude, and
slightly less than half an hour in local time. For every second
in the duration of an event, its total Pc3 power is calculated
and added to the appropriate grid point to which the measure-
ment belongs, based on the satellite’s location at the same
moment, thus allowing the entire extent of the wave to be
accurately represented. In order to make the resulting maps
less dependent on the satellite’s orbit, we divide the summed
power by the number of seconds the satellite has spent in the
corresponding point.

3 Swarm-based ULF wave index

Before delving into the wavemaps and the wave index, it is
useful to showcase two examples of the methodology applied
for our analysis. In Figs. 1 and 2 we show two tracks that cor-
respond to a dayside (MLT∼ 11:00) detected wave event and
a nightside (MLT ∼ 23:00) episode that is attributed to the
presence of an ESF event. The data are taken from 23 June
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Figure 1. Swarm Pc3 wave event. A wave event as detected by the Swarm constellation with Swarm B (a), A (b), and C (c) showing the
filtered series of the magnetic field magnitude (top panels), their corresponding wavelet spectra for the joined Pc3 and Pc4 range (middle
panels), and a composite plot of the measured electron density (green line) and their location at magnetic latitude (blue line) from −60◦ to
+60◦ (bottom panels).

Figure 2. Swarm equatorial spread-F event. As in Fig. 1 for another track of the three satellites.

2015, a day which marked the peak activity in the main phase
of a geospace magnetic storm, with a minimum Dst index
value of −204 nT, at 05:00 UT. The wave event is captured

by the northbound pass of all three satellites, here showing
only the part from −60◦ to +60◦ in magnetic latitude, and
is depicted from 01:25 to 01:56 UT for the lower Swarm A
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Figure 3. Swarm Pc3 wave power map in magnetic coordinates. Pc3 wave power per second mapped on the magnetic latitude versus MLT
grid.

and C and, a few minutes later, from 01:42 to 02:14 UT for
Swarm B. The ESF-related event is detected only by Swarm
A and C on their southbound pass from 05:19 to 05:51 UT
and is characterized by the two, symmetric around the mag-
netic Equator, disturbances in the electron density profile.
The ESF events or equatorial plasma bubbles are nightside
phenomena identified by their plasma signature as sudden
depletions in the electron density profile. We also observe in
Fig. 2 the corresponding magnetic signature of the specific
ESF event (middle panel), which can be easily mistaken, if it
is examined alone, for a wave signature unless the accompa-
nying electron density perturbations are taken into account.

Figure 3 shows the magnetic latitude versus MLT map of
wave power for all three satellites of the constellation. As
can be seen, the bulk of the Pc3 wave activity is located
in the equatorial dayside sector (peaking at 09:00, 10:00–
11:00, and 12:00–14:00 MLT for Swarm B and at 08:00–
09:00, 11:00–12:00, and 14:00–15:00 MLT for A and C),
with the two lower satellites A and C displaying statistically
greater power than the higher Swarm B. We note that over-
all the Pc3 wave activity extends to as early as 06:00 and
as late as 17:00 MLT. These results are comparable with the
ones derived by Balasis et al. (2015b) for 1 year of Swarm
data, with the exception of auroral zones (more information
on this issue is given later in this section). The small shift of
approximately 2 h in the peaks of the activity between Swarm
B and the lower pair is attributed to the angular separation of

the orbital planes of the satellites, which for the time period
examined ranged from 1 to 2 h in local time. This is a strong
indication that all satellites, despite their latitudinal and tem-
poral differences, detect the same events (at least as far as the
strongest ones are concerned) and just map them in different
local times due to the shift in their orbital planes. As this an-
gular separation increases with time, it will further elucidate
the extent in local time of Pc3 wave phenomena. The anal-
ogous wavemap in geographic coordinates (latitude versus
longitude) is shown in Fig. 4. The striking observation here
is that most of the activity is located around the area of the
South Atlantic Anomaly (SAA), something that has already
been mentioned by Balasis et al. (2015b) and is attributed to
the lower magnitude of the geomagnetic field in this region,
which favors the occurrence of compressional waves.

Based on the latitudinal distribution plots of Figs. 3 and 4,
there are no Pc3 waves observed at all in the topside iono-
sphere below −60◦ or above +60◦ in both the magnetic and
geographic wave power maps, which is obviously an erro-
neous result. This outcome arises from the application of the
Swarm Level 2 single-spacecraft FAC data product correc-
tion in our analysis. Since FAC are practically always present
at high latitudes, the inclusion of this Swarm Level 2 prod-
uct apparently eliminates all the Pc3 wave activity there and
interprets it as signatures associated with these currents. For
this reason, we have finally decided not to use the Swarm
FAC product in deriving the final version of the ULF wave
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Figure 4. Swarm Pc3 wave power map in geographic coordinates. Pc3 wave power per second mapped on the geographic latitude versus
geographic longitude grid.

power maps based on 2 years of Swarm data, which are now
presented in Figs. 5 and 6 in magnetic and geographic coor-
dinates, respectively.

Summing the total power of each detected wave event for
every track (half-orbit) and keeping only daytime tracks, we
get the total track-by-track power. To reduce the range of
these values, which might differ by several orders of mag-
nitude, we define the Pc3 Power Index as the logarithm
(base 10) of the total track-by-track power and hence produce
the three Swarm Pc3 Power Indices (one for each satellite),
which are shown in the top panels of Figs. 7 and 8. Tracks
which exhibit index values below 2 are considered “quiet”,
while for the rest we can define three different activity lev-
els: “low” for index values between 2 and 3, “moderate” for
values between 3 and 4, and “high” for those with index val-
ues above 4.

In an attempt to capture the relation between Pc3 waves
and geospace conditions, we incorporate into our analysis
the time series of various solar wind parameters and geo-
magnetic activity indices, downloaded from the OMNIWeb
Plus data service of NASA’s Space Physics Data Facility.
These are the magnitude and three Cartesian components of
the interplanetary magnetic field (BIMF) as well as the so-
lar wind velocity (Vsw), both in the GSE coordinate system,
the solar wind proton density (Np), temperature (Tp), the so-
lar wind dynamic pressure (Pdyn), Alfvénic speed (VAlfvén),
sound speed (Vsound) and, based on the latter, the Mach num-

bers, both Alfvén (MA) and magnetosonic (MS). In addition
to those we derive the magnetic field’s cone angle (θB ), de-
fined as the angle between the BIMF vector and its compo-
nent along the Sun–Earth axis (Greenstadt and Olson, 1976),
and the magnetopause standoff distance (RMP), defined as
RMP = 110.2(NpV

2
x )
−1/6 (Kivelson and Russell, 1995). Fi-

nally, to incorporate the magnetospheric response to the so-
lar wind, we also include two indices of geomagnetic activity,
namely the Auroral Electrojet (AE) index and the symmetric
disturbance index for the horizontal component of the Earth’s
magnetic field (SYM-H). The first, being a high-latitude in-
dex, operates as an indicator of substorm activity, while the
latter is highly correlated with the disturbance storm time
(Dst) index and therefore can be regarded as a proxy for the
ring current conditions and thus for geomagnetic storms. All
these are depicted in the bottom six panels of Figs. 7 and 8
(for clarity we have ignored the vector components of BIMF
and Vsw and show only their magnitude).

To calculate the correlations between the three Swarm Pc3
Indices and the various solar wind parameters and geomag-
netic indices, we considered all possible pairwise combina-
tions, interpolated the parameter series to the timestamps of
each Pc3 Index (using a simple, linear interpolation scheme),
and computed the Pearson correlation coefficient (Pearson,
1895). The results of this analysis, for all possible combi-
nations, can be seen in Table 1. Looking at the table it be-
comes evident that the parameter that is most correlated with
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Figure 5. Swarm Pc3 wave power map in magnetic coordinates without the FAC correction. As in Fig. 3 without the application of the
Swarm Level 2 single-spacecraft FAC data product.

Figure 6. Swarm Pc3 wave power map in geographic coordinates without the FAC correction. As in Fig. 4 without the application of the
Swarm Level 2 single-spacecraft FAC data product.

www.ann-geophys.net/36/287/2018/ Ann. Geophys., 36, 287–299, 2018
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Figure 7. Swarm ULF wave index time series. From top to bottom: Pc3 power indices for the three satellites of the Swarm constellation
(A: first panel, B: second panel, C: third panel), solar wind parameters (Vsw, VAlfvén, MA, Vsound, MS ) and the SYM-H index. Ticks on the
x axis denote the middle of the corresponding month.

Figure 8. Swarm ULF wave index time series. From top to bottom: Pc3 power indices for the three satellites of the Swarm constellation (A:
first panel, B: second panel, C: third panel), solar wind parameters (BIMF, θB , Np, Tp, Pdyn), and the AE index. Ticks on the x axis denote
the middle of the corresponding month.

Ann. Geophys., 36, 287–299, 2018 www.ann-geophys.net/36/287/2018/
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Pc3 wave activity is the solar wind velocity and especially
its component along the XGSE axis. The negative sign in the
VxGSE correlation just points out the obvious fact that it is
the earthward direction that is related to the generation of
Pc3 waves. This observation is well known in the literature,
as was first made in the 60s (Saito, 1964), but its presence can
be seen as a validation of our methodology. Next in order of
importance are the magnetosonic Mach number MS and its
corresponding velocity Vsound, along with the magnetopause
standoff distance RMP. For the latter the negative sign indi-
cates that enhanced Pc3 activity takes place when the magne-
tosphere is most compressed by the solar wind and thus when
RMP exhibits lower values. All these reinforce the idea of Pc3
waves being generated at the bow shock and propagating as
compressional mode waves up until the ionosphere, where
they are detected by the Swarm satellites (Yumoto et al.,
1984; Heilig et al., 2007). Conversely, on the ground these
waves are detected as surface geomagnetic pulsations, and
thus there the prominent factors are the Alfvénic velocity and
its respective Alfvénic Mach number (Heilig et al., 2010),
instead of the magnetosonic one which applies to our case.
Finally, the last two important parameters are the cone angle,
which seems to indicate that enhancements in Pc3 activity are
related to low θB values and thus to more horizontal BIMF
configurations, and the solar wind’s proton temperature Tp.
In general though, all correlation values are very low, a fact
that is due to the large noise component that characterizes
all time series, since for most of the time examined the solar
wind parameters exhibit very low (background) levels of ac-
tivity which are only sparsely interrupted by intense events.
We have repeated the analysis using a moving time window
with a length that corresponds to 50 tracks, in which case we
noticed that for some geomagnetically disturbed periods, the
values of the correlations for various parameters can increase
dramatically. As an example, for the Pc3 activity at the tail
of the August 2014 storm we get correlations with the Vsw
that achieve values as high as 0.64 and, for theMS , values as
high as 0.47. Unfortunately, the increase in the correlations
does not always follow the increase in geomagnetic activ-
ity, so the interplay between these parameters is much more
complex and almost certainly governed by nonlinear interac-
tions, although their order of importance remains roughly the
same.

As an extra step, we shifted the various parameters’ time
series by as much as 48 h before and after their actual times-
tamps, with a time step of 1 h, and re-calculated the correla-
tions, to see whether some specific time lag might yield better
results, since the conditions in the solar wind might need sev-
eral minutes up to a few hours to drive Pc3 waves and allow
them to penetrate into the inner magnetosphere until their
effects are detected by the Swarm satellites in LEO. Unfor-
tunately this did not yield any meaningful results, since most
of the above-mentioned quantities exhibit their peak corre-
lation values for zero time lag and, when they do not, they
do not seem to do so in a consistent way for all three satellite

Table 1. Correlation coefficients for each pairwise combination be-
tween the three Swarm Pc3 indices and each of the solar wind or
geospace parameters for the entire May 2014 to May 2016 period.

Swarm A Pc3 Swarm B Pc3 Swarm C Pc3
index index index

BIMF 0.001 −0.035 0.009
BGSM
x 0.028 −0.049 0.035
BGSE
y −0.044 −0.011 −0.053
BGSE
z 0.018 −0.018 0.014
BGSM
y −0.041 −0.015 −0.045
BGSM
z 0.013 −0.017 0.010
Vsw 0.259 0.220 0.244
VGSE
x −0.261 −0.221 −0.245
VGSE
y 0.084 0.106 0.080
VGSE
z −0.037 −0.045 −0.050
Np −0.023 −0.067 0.006
Tp 0.112 0.113 0.139
Pdyn 0.083 0.029 0.117
MA 0.111 0.075 0.107
MS 0.184 0.152 0.178
AE 0.061 0.020 0.057
SYM-H −0.108 −0.052 −0.093
θB −0.119 −0.139 −0.109
VAlfvén 0.017 0.009 −0.008
Vsound 0.148 0.151 0.157
RMP −0.138 −0.092 −0.151

indices. The only possible exception is the velocities Vsw and
Vsound, which show marginally better correlation factors for
a time lag of 2 to 6 h, but the improvements are so small that
it is difficult to draw any conclusions from that fact alone.

As for the magnetospheric response to the solar wind, it
can be said that the relation between Pc3 waves and mag-
netic storms is not a simple one. Great storms always coin-
cide with enhancements in Pc3 activity, as can be seen for
the January, March, June, October, and December events of
2015, while the extremely quiet period of July and August
2014 also appears completely silent in the wave power series.
On the other hand though, significant increases in Pc3 activ-
ity do not always coincide with geomagnetic disturbances,
as can be seen in the distinct example of February 2015, al-
though for that period there was a moderate increase in Vsw
and Np that consequently led to an increase in MS . From the
two indices employed here, the SYM-H seems to be more
correlated with the type of activity that is captured by our Pc3
index, as we mostly focus on equatorial to mid-latitudinal
wave activity. The level of the correlations though is again
quite low, contrary to the widely spread misbelief that ULF
power and geomagnetic activity are closely correlated. This
misbelief was refuted recently by Currie and Waters (2014)
and it is also evident here, as well.
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4 Discussion and conclusions

Our findings on Pc3 wave power distribution in magnetic and
geographic coordinates based on 24 months of Swarm VFM
observations (Figs. 5–6) confirm the results of a previous
study on Pc3 wave power features in the topside ionosphere
revealed by 1 year of Swarm absolute scalar magnetome-
ter (ASM) observations (Balasis et al., 2015b). It is worth
mentioning that the present study uses a different method-
ology for the selection of wave events involving additional
steps and following the detection of candidate events with a
wavelet analysis technique and the requirement of a smooth
profile for the electron density data of the previous study.
Here, we incorporate additional analysis steps consisting of
the application of the CHAOS-6 model (prior to the wavelet
analysis) and the utilization of Swarm Level 2 products (i.e.,
the FAC and IBI products) to impose constraints on the
Swarm data for the wave event selection.

Forsyth et al. (2017) suggested that many of the magnetic
field perturbations on small scales may contain a significant
fraction of perturbations which are the result of wave activ-
ity in the vicinity of the spacecraft or current sheets inclined
to the motion of the spacecraft. As a result, they noted that
extreme care must be taken in interpreting the temporal vari-
ation of the magnetic field observed by a moving spacecraft
as relating to the spatial structures which can be used to infer
field-aligned currents. Moreover, they suggested that since
such assumptions are used to produce the Swarm Level 2
single-spacecraft FAC data product (Ritter et al., 2013), care
should be taken when using or interpreting this data product
as well. Our results also demonstrate that the inclusion of this
product to constrain the wave activity in Swarm wave power
maps inevitably eliminates all the wave activity at high lati-
tudes, which is physically unrealistic (Figs. 3 and 4). There-
fore, we have dropped the use of the Swarm FAC product in
deriving the final version of ULF wave power maps based
on Swarm observations from May 2014 to May 2016. How-
ever, we cannot rule out the possibility that a fraction of the
high-latitude wave activity seen in these maps (Figs. 5 and 6)
is probably attributed to the distribution of field-aligned cur-
rents.

In this study, we demonstrate how a Swarm daytime, track-
by-track Pc3 wave index can be systematically derived for
the topside ionosphere calculated using 2 years of the con-
stellation’s data. This is the first attempt, at least to our
knowledge, to derive a ULF wave index from LEO satellite
data (see, e.g., Borovsky and Denton, 2014). Consequently,
we compare the variations of Swarm wave index values to
corresponding variations of solar wind variables and geo-
magnetic activity indices in order to search for possible cor-
relations between them. Indeed, for epochs around intense
magnetic storms (cf. the storm events of March, June, and
December 2015), there seems to be an increase in Pc3 ac-
tivity and the values of the Pc3 indices were shown to cor-
relate with parameters that are well known as suspects for

driving of Pc3 waves, like Vsw, Vsound, RMP, and θB . In the
future we plan to examine the possibility of extending the
formulation of the index in a manner similar to the one intro-
duced by Russell and Fleming (1976), by including the aver-
age frequency of the wave events that have been aggregated
for each track and that possibly also incorporate the values
of some index of geomagnetic activity (e.g., Kp). Moreover,
the same technique can also be applied to derive a higher-
frequency Swarm ULF wave index (e.g., in the Pc1 band)
using the high-resolution (i.e., 50 Hz) VFM data from the
mission. Pc1 waves are a critical element of space weather
as they are considered responsible for the energetic-particle
pitch-angle diffusion in radiation belts.

Motivated by the potential importance of enhanced ULF
wave activity for particle energization in radiation belts and
hence space weather effects, Kozyreva et al. (2007) and Ro-
manova and Pilipenko (2009) proposed the calculation of the
ULF wave index in the Pc5 band from ground-based mag-
netometer data, and, more recently, Pilipenko et al. (2017)
outlined possible directions of this index advancement. Wa-
ters and Menk (2016) suggested that a ground Pc3 pulsa-
tion index may be useful for identifying contamination by
background activity in geomagnetic and aeromagnetic sur-
veys used in geophysical exploration. Based on the results
by Heilig et al. (2010) from ground magnetometers, further
development of Pc3 activity indices as proxies of solar wind
conditions was also recommended (Waters and Menk, 2016).
Therefore, the Swarm ULF wave index proposed here can be
considered a candidate for a standard Level 2 mission prod-
uct aiming at the potential identification of episodes with per-
sistent enhanced solar wind activity. An alternative option
could be to launch a website that provides a database with
a provisional Pc3 index, which would be made available to
the international community for testing and validation. Ul-
timately, the new index can potentially serve as an integral
part of a space weather risk assessment scheme for the crit-
ical infrastructure existing in the near-Earth electromagnetic
environment.
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Online platform, after registration for an ESA Earth Observation
Users’ Single Sign On account https://earth.esa.int/web/guest/
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2018). The AE and SYM-H indices data have been obtained
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University at http://wdc.kugi.kyoto-u.ac.jp/index.html (WDC,
2018), whereas the solar wind data have been retrieved
through the NASA OMNIWeb space physics data facility at
http://omniweb.gsfc.nasa.gov/ (GSFC, 2018).
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