
This is an electronic reprint of the original article.
This reprint may differ from the original in pagination and typographic detail.

Powered by TCPDF (www.tcpdf.org)

This material is protected by copyright and other intellectual property rights, and duplication or sale of all or 
part of any of the repository collections is not permitted, except that material may be duplicated by you for 
your research use or educational purposes in electronic or print form. You must obtain permission for any 
other use. Electronic or print copies may not be offered, whether for sale or otherwise to anyone who is not 
an authorised user.

Hynönen, Reko; Tanskanen, Eija I.; Francia, Patrizia
Solar cycle evolution of ULF wave power in solar wind and on ground

Published in:
Journal of Space Weather and Space Climate

DOI:
10.1051/swsc/2020046

Published: 25/09/2020

Document Version
Publisher's PDF, also known as Version of record

Published under the following license:
CC BY

Please cite the original version:
Hynönen, R., Tanskanen, E. I., & Francia, P. (2020). Solar cycle evolution of ULF wave power in solar wind and
on ground. Journal of Space Weather and Space Climate, 10, Article 43. https://doi.org/10.1051/swsc/2020046

https://doi.org/10.1051/swsc/2020046
https://doi.org/10.1051/swsc/2020046


Solar cycle evolution of ULF wave power in solar wind

and on ground

Reko Hynönen1,*, Eija I. Tanskanen2,1, and Patrizia Francia3

1 Department of Electronics and Nanoengineering, Aalto University of Technology, 00076 Aalto, Finland
2 Sodankylä Geophysical Observatory, University of Oulu, 99600 Sodankylä, Finland
3 Dipartimento di Scienze Fisiche e Chimiche, Università dell’Aquila, Via Vetoio, Coppito, 67100 L’Aquila, Italy

Received 8 April 2019 / Accepted 17 August 2020

Abstract –The solar cycle evolution of the ultra-low frequency (ULF) power was studied in solar wind and
on ground. We aim finding out how the ULF power in interplanetary and on ground magnetic field evolves
over the solar cycle 23 (SC23) and how well do they follow each other in monthly time scales. The hourly
power of the ULF waves was computed in the Pc5 frequency range 2–7 mHz for years 1998–2008.
The highest wave power in SC23 is found to occur in late 2003 and the lowest at the solar minimum.
Ground ULF power follows the IMF power and solar wind speed, particularly well during declining
phase. The ULF power in winter exceeds the ULF power in other seasons during the declining phase
of SC23, while equinoxes dominate in the ascending phase and the solar maximum. The ground
ULF power was found to rise with magnetic latitude from 54� to 73�, after which Pc5 power decreases
towards the polar cap. The Pc5 power in the auroral zone is larger in the nightside than the dayside due
to substorm activity implying that magnetotail processes are an important contributor to the nightside
ULF power.

Keywords: ULF waves / Solar cycle / Space climate / Geomagnetic pulsations / Pc5 waves

1 Introduction

Magnetospheric ultra-low frequency (ULF) waves are slow
fluctuations of magnetic field within the Earth’s magnetospheric
cavity, detected on the ground as geomagnetic pulsations. The
frequency range of magnetospheric ULF waves is 1 mHz –

5 Hz. The waves can be divided into irregular pulsations (Pi)
and continuous pulsations (Pc). This paper focuses on the
geomagnetic Pc5 pulsations, defined historically in the range
2–7 mHz (Jacobs et al., 1964).

ULF waves are an important element of the space weather,
known to affect magnetospheric and heliospheric processes:
they can accelerate, diffuse, and redistribute particles in the
magnetosphere and in solar wind (e.g. Takahashi et al., 2012;
Menk & Waters, 2013 and the references therein). ULF waves
are thought to be the source of “killer” electrons (higher than
2 MeV) in the magnetosphere (e.g. Potapov, 2013) and can
be used to track plasma mass density of the field line (Clilverd
et al., 2003; Menk & Waters, 2013).

Long-period ULF waves were reported the first time by
Anders Celcius already in 1741 (Kangas et al., 1998, but the

first scientific observations of ULF pulsations were reported
to occur on ground during the Carrington event of 1859, at
Kew Observatory in London (51.5 geog. lat.) (Stewart, 1861).
Nowadays, magnetic observations are continuously recorded
at magnetic observatories around the world as well as in space.

ULF pulsations are known to vary temporally in time scales
from hours and days to years and solar cycles (SC). Different
types of pulsations (e.g. Pi and Pc) display different solar cycle
variation. According to Fort Churchill data (geom. lat. 68.8� N,
geom. lon. 322.5� E, L � 8) the largest Pc5 activity during the
SC19 occurred during the sunspot minimum phase (Rao &
Gupta, 1978). Respectively at slightly higher frequencies,
Pi2 (T = 40–150 s) activity has a nearly inverse relationship
with sunspot activity over SC18 and SC19 (Saito & Matsushita,
1968).

Latitudinal and L-shell variation of Pc5 pulsations can be
addressed with a dense magnetometer network covering a wide
latitudinal range from sub-oval to oval and polar cap latitudes.
Ground observations (Mathie & Mann, 2001; Lepidi & Francia,
2002; Rae et al., 2012; Takahashi et al., 2012) ground show
that in mid to high latitudes (L-shells ~ 1–8) Pc5 pulsations
decrease in frequency and increase in power towards higher
magnetic latitudes, while at higher than L = 8 the power*Corresponding author: reko.hynonen@aalto.fi
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decreases according to both ground (Yagova et al., 2002) and
space observations (Sarris & Li, 2016).

Preliminary analysis of correlation coefficients across the
solar cycle indicated that ULF fluctuations of IMF Bz and solar
wind speed should be considered throughout the solar cycle,
having the highest correlation with the ground ULF power,
0.83 and 0.80 respectively. However, it is highly likely that
these are strongly interdependent. This makes them very dif-
ficult to analyse, a problem not resolved in existing literature.
We do not consider causality in this study, but show both
parameters throughout the solar cycle compared to ground
ULF power. The literature outlined below further justifies our
choice, as physical mechanisms for driving ground ULF waves
and for interdependence with other solar wind parameters have
been proposed for each of our two chosen parameters.

Pc5 pulsations are known to correlate well with solar wind
speed (Engebretson et al., 1998; Kessel et al., 2004; Pahud
et al., 2009, e.g.). Solar wind speed has been shown to have
the largest effect to the ground ULF power, the second most
important factor being Bz < 0, and the third most one being
perturbations of the solar wind density (Bentley et al., 2018).
The role of the solar wind ULF waves to the ground Pc5 power
has been left unsolved in previous studies, in particular during
different solar cycle phases. Theoretically, transverse Alfvénic
waves may directly penetrate through the magnetopause (Lee,
1982) transmission, and in certain conditions discrete MHD
oscillations in the solar wind have been observed to excite
field-line resonances (Stephenson & Walker, 2002).

Statistical studies have been performed to determine the
most important driving quantities in solar wind for ground
ULF power. Simms et al. (2006, 2010) used multiple regression
analysis on solar wind quantities, finding that the primary dri-
ving quantity was the solar wind speed, then secondarily density
fluctuations and magnetic field fluctuations. Bentley et al.
(2018) studied ground ULF power with solar wind quantities
considering their interdependencies, also finding solar wind
speed the most important factor, then density fluctuations and
southward IMF. However, they could not rule out the effect
of IMF fluctuations completely. To explore this further, we
investigate the correspondence between the ground ULF fluctu-
ations and the ULF fluctuations within the IMF considering Pc5
frequencies over the SC23 from 1998 to 2008 in monthly time
scales. Particularly, we consider the fluctuations of the IMF
north-south component because this component, particularly
the southward portion, is greatly geoeffective (e.g. Fairfield &
Cahill Jr., 1966; Akasofu, 1980; Simms et al., 2006; Bentley
et al., 2018).

Geomagnetic observations used cover geomagnetic latitudes
from 53� to 75� in the northern hemisphere. The observations
from International Monitor for Auroral Geomagnetic Effects
(IMAGE) network cover sub-oval, auroral oval and polar cap
latitudes. First, we compute the solar cycle variation of ULF
power at the ground station of Kevo (KEV, L-shell � 6.2),
which is located in the auroral oval latitudes during dis-
turbed geomagnetic conditions. The ULF power in Kevo is
compared to solar wind speed and ULF power in the interplan-
etary magnetic field (IMF). Second, we explore the annual
variability of ULF power in IMF and on ground, and study it
separately for different solar cycle phases. We conclude this
paper by examining the latitudinal variability of the Pc5 power
over SC23.

2 Data and analysis methods

2.1 Data

We have computed ULF wave power (years 1998–2008) in
solar wind based on the measurements of IMF, and on ground
based on the magnetic field horizontal component (BH). We used
IMF and plasma data in the front of the magnetosphere at L1.
The level 2 data from Magnetic Fields Experiment (MAG)
(Smith et al., 1998) on-board ACE spacecraft (Chiu et al.,
1998; Stone et al., 1998) was used in 1-second resolution.
Similarly provided by CDAWeb, solar wind speed Level 2 data
at 64-second resolution came from the Solar Wind Electron,
Proton, and Alpha Monitor (SWEPAM) (McComas et al.,
1998) on-board ACE. All computations regarding the solar wind
and IMF were performed in GSM coordinates of ACE at L1.

Magnetic field data of 30 ground magnetic stations from
IMAGE network (Tanskanen, 2009) comprehensive were used
in ground ULF analysis. The magnetic latitudes, the computed
L-shells, and the data coverages of the stations are presented in
Table 1. IMAGE network consists of flux-gate magnetome-
ters that measure the ground magnetic field at 1–10 s time inter-
vals and 0.1 nT resolution in geographic XYZ coordinates. To
convert to the magnetic horizontal component BH we used the
formula B2

H ¼ B2
X þ B2

Y .
For the geomagnetic coordinates of the stations we opted to

use the corrected geomagnetic coordinates calculated for the
year 2001 (retrieved from http://space.fmi.fi/image/beta/?page=
stations), as an approximation of the magnetic latitude for all
the years comprised in the study. The corresponding L-shell
for each station was computed from the magnetic latitude h
by the formula L = 1/cos2h. The southernmost station, Tarto
(TAR, 54� magn. lat.) locates at L = 3.0 and the northernmost
station, Ny Ålesund (NAL, 75.25� magn. lat.), at L = 15.4,
although the latter is above the applicable range of the L-shell
model (L = 3–10).

The solar wind, IMF, and groundmagnetic field data of years
1998–2008 cover almost entire solar cycle 23: ascending
phase (March 1997 – July 1999), solar maximum (July 1999 –

September 2002), declining phase (September 2002 –November
2006) and solar minimum (November 2006 – February 2009).
The phases of the sunspot cycle were determined by the method
developed by Hynönen (2013), which was based on the interna-
tional sunspot number 1.0 before it was revised and called
version 2.0 by Clette et al. (2014). The data were obtained from
Solar Influences Data Analysis Center (SIDC), WDC-SILSO,
Royal Observatory of Belgium, Brussels. The method gives
results that match with the standard way of defining solar cycle
minimum and maximum, and gives similar results for the inter-
national sunspot number 2.0. Our method is able to define the
beginning and end of the ascending and declining phases as well,
which is not done by other methods.

2.2 Sampling and data processing

For the Fourier analysis, the IMF and ground magnetic field
data were initially sampled using 1-hr long samples overlapping
every 15 min for all times between 1998 and 2008, starting at
1 Jan 1998 UT 00:00 – 01:00, 1 Jan 1998 UT 00:15 – 01:15
and continuing so on until 31 Dec 2008 UT 23:00 – 00:00.
In the final figures only hourly non-overlapping samples were

R. Hynönen et al.: J. Space Weather Space Clim. 2020, 10, 43

Page 2 of 11

http://space.fmi.fi/image/beta/?page=stations
http://space.fmi.fi/image/beta/?page=stations


used, because the difference to the result calculated from the
overlapping data was very small. Data samples were 360 data
points long for ground data, 3600 points for IMF data.

The data samples were probed for missing data, and missing
values were filled with linear interpolation using the closest data
points on both sides. Samples with more than 10% missing
values were discarded. In total, 0.1% (about 4 days) of the solar
wind magnetic field data was discarded, and 4.7% (about
189 days) of the ground magnetic data of Kevo respectively,
72% of the latter in July. Scientists at IMAGE collaborator insti-
tutes have checked their magnetic data both automatically and
manually for spikes and other errors. In contrast, every sample
of ACE spacecraft data was checked and the Augmented
Dickey-Fuller test (Greene, 1997) for stationarity was used to
make sure that Fourier analysis may be performed validly.
We only accepted data samples that passed this test with a
p < 0.001. After discarding data samples with too many missing
values and samples failing the stationarity test at p < 0.001 level,
in total 84.2% of the interplanetary magnetic field data samples
were accepted for the analysis. Since no further identification of
the types of ULF events is performed, the acquired data samples
contain both coherent and incoherent wave packets and may
have multiple sources in the solar wind.

2.3 Fourier analysis

Power spectra were determined separately for each
data sample from ground and space by using Discrete Fourier

Transform (DFT), calculated by Fast Fourier Transform
(FFT). FFT was implemented using FFTW library (Frigo &
Johnson, 1998). In this library, DFT is defined with

Y ðkÞ ¼
Xn

j¼1

X ðjÞW ðj�1Þðk�1Þ
n ; ð1Þ

where Wn = exp(�2pi/n) is one of the n roots of unity.
Before FFT, the mean and linear trend were removed from

each data sample to reduce aliasing caused by the initial data
sampling by the instrument. Then the end of each sample was
padded with zeros until the next power of 2 of the sample
length: until 512 points for IMAGE data and 4096 for IMF.
Padding to the next power of 2 allows FFT to run at the
maximum speed, while slightly increasing resolution in the
frequency-domain.

FFT with a Blackman–Harris window (Harris, 1978) was
imposed on the prepared data. Power spectra were normalized
by the formula FFTnorm = FFT � dt/norm(w), where dt is the
time resolution of the data (10 s for IMAGE/ground data, 1 s
for ACE/spacecraft data) and w is the Blackman-Harris window
appropriate for the sample. Then the power spectrum was
acquired through squaring (see e.g. Hamming, 1973, Chapter
31). Since the data is real-valued, we used the right-sided spec-
trum and simply doubled each squared power above frequency
0 to acquire the final power spectrum.

The integrated power of the spectrum was calculated from
the power spectra over Pc5 range, 2–7 mHz, by summing the

Table 1. Magnetometer data from IMAGE network that is used for computing ground Pc5 pulsation power.

Station name Code Magn. Lat. (�) Magn. Lon. (�) Computed L-shell Data coverage (%)

NyÅlesund NAL 75.25 112.1 15.4 92
Longyearbyen LYR 75.12 113.0 15.2 92
Hornsund HOR 74.13 109.6 13.4 99
Hopen Island HOP 73.06 115.1 11.8 57
Bear Island BJN 71.45 108.1 9.9 90
Nordkapp NOR 67.73 109.4 7.0 5
Sørøya SOR 67.34 106.2 6.7 89
Andenes AND 66.45 100.4 6.3 91
Kevo KEV 66.32 109.2 6.2 95
Abisko ABK 65.30 101.8 5.7 100
Masi MAS 66.18 106.4 6.1 76
Kilpisjärvi KIL 65.94 103.8 6.0 95
Leknes LEK 65.4 97.5 5.8 53
Ivalo IVA 65.1 108.6 5.6 68
Muonio MUO 64.72 105.2 5.5 89
Kiruna KIR 64.69 102.6 5.5 98
Lovozero LOZ 64.23 114.5 5.3 94
Sodankylä SOD 63.92 107.3 5.2 100
Pello PEL 63.55 105.0 5.0 91
Dønna DON 63.38 95.2 5.0 7
Rørvik RVK 62.23 93.3 4.6 79
Lycksele LYC 61.44 99.3 4.4 39
Oulujärvi OUJ 60.99 106.1 4.3 97
Dombøs DOB 59.29 90.2 3.8 81
Mekrijärvi MEK 59.10 108.5 3.8 37
Hankasalmi HAN 58.69 104.5 3.7 93
Solund SOL 58.53 86.3 3.7 15
Nurmijärvi NUR 56.89 102.2 3.4 100
Karmøy KAR 56.43 85.7 3.3 44
Tartu TAR 54.47 102.9 3.0 64
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squared powers within the frequencies 1.95–7.05 mHz sepa-
rately for each power spectrum. Since FFTW provides unnor-
malized DFT, to further normalize the resulting sum it was
divided by the zero-padded length of the sample (namely 512
or 4096 for IMAGE ground data and IMF, respectively). The
logarithmic integrated power was averaged over each month
of years 1998–2008 to acquire the monthly ULF power. These
data were used to determine the variability of the ultra-low
frequency wave power by the solar cycle phase, magnetic local
time, and magnetic latitude. It is essential to realize that the
method loses the information about whether the wave power
occurs at discrete frequencies or at broad bandwidth. The results
of this analysis are presented in the following sections.

3 Solar cycle and monthly variation
of ULF wave power

The monthly ULF wave power in the total horizontal
component BH at Kevo, UKEV, and in the solar wind magnetic
field Z-component, UIMF, are shown in Figure 1 during the solar
cycle 23 (1998–2008).

The largest and the second largest ULF wave power peaks
on the ground (UKEV in Fig. 1, dashed line) are found in January
2004 (245 nT2) and November 2003 (241 nT2), and the largest
and the second largest solar wind magnetic field Z-component
power (UIMF in Fig. 1, solid line) in June 2003 (1.03 nT2)
and March 2003 (0.94 nT2). ULF wave power in Kevo, UKEV,
often exceeds 150 nT2 between September 2002 and January
2004. This period has four large ULF activity intervals: October
2002 (156 nT2), May 2003 (211 nT2) and two very close

together with first in November 2003 (241 nT2) and second
in January 2004 (245 nT2). All of them coincide with peaks
in solar wind ULF power as well as solar wind speed, and
are marked with asterisks in Figure 1. We also find a large peak
in the middle of the declining phase in January 2005 (144 nT2).

The largest ULF wave power in the solar wind north-south
magnetic field component BZ (Fig. 1, solid line), UIMF, is
observed in the beginning of the declining phase of SC23 in
2002–2004 showing the largest values in 2003. This period con-
tains five major power peaks. First ULF power enhancement is
in November 2002 (0.39 nT2), month after a minor peak on the
ground (October 2002, 156 nT2). Two double-peaked maxima
are seen during 2003, first one in March (0.47 nT2) and June
(0.51 nT2) and second one in November 2003 (0.44 nT2) and
January 2004 (0.83 nT2). Both double-peaked maxima have a
less intense period in between them, and the peaks are separated
by a larger and longer decrease of ULF power in the summer-
fall 2003 (0.21 nT2 in September 2003). We find smaller but
significant ULF power enhancements also in the late declining
phase in January 2005 (0.26 nT2), two in the ascending phase in
January (0.22 nT2) and September 1999 (0.25 nT2) and several
annual, almost periodic minor peaks in the late declining phase
and the minimum phase from 2005 onward.

The four most clear ULF enhancements on the ground after
the mid-2004 occur in January 2005, September 2005,
December 2006 and March 2008, marked with asterisks in
Figure 1. The power for those ground enhancements were
144, 58, 51 and 41 nT2 while the power in IMF for the same
power enhancements were 0.26, 0.11, 0.12 and 0.10 nT2,
respectively.

Comparatively large ULF powers are detected also during
solar maximum and ascending solar cycle phase, but they tend

Fig. 1. On the left axis: mean monthly ULF power in the frequency range 2–7 mHz in IMF BZ; mean monthly ULF power on the ground at
KEV in the magnetic field component BH, with KEV power down-scaled by a factor of 250. On the right axis: mean monthly solar wind speed.
Asterisks imply the four maximum times on the ground. The correlation between IMF and ground ULF wave power is 0.83 for the entire time
span studied, 0.31 for the solar maximum, and 0.92 from that onward, i.e. for the declining phase and solar minimum.
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to occur at quite different times on ground and in solar wind.
The largest ground ULF power in solar maximum is found in
August 2000 with 104 nT2. At the same time UIMF is low com-
pared to the peaks at the solar maximum, 0.11 nT2. Respec-
tively, the largest ULF power in IMF during solar maximum
is in September 1999 when U IMF reaches 0.26 nT2, coinciding
with the ground ULF power is 78 nT2 that raises to 93 nT2 by
October 1999. However, the second highest peak of UIMF is in
March 2002 corresponding to dip in ground ULF power that is
as low as 19 nT2. Despite the ambivalence of the maxi-
mum phase in general, the IMF and ground ULF power match
better with each other during the early maximum phase, as seen
e.g. around October 1999. While this agreement is not generally
seen in the ascending phase, both the ULF power on ground and
in solar wind fall sharply from April 1999 (flooring 6 nT2 on
ground, 0.07 nT2 in solar wind) and they recover in August
1999 to culminate into the earlier described peak in October
1999.

To quantify the relation between the ground and ULF power
in IMF, we produced scatter plots of ULF power at KEV
against the solar wind speed and ULF power in IMF separately,
shown in Figure 2. We then computed the linear (Pearson)
correlation coefficient for UKEV and UIMF, defined rBB ¼
rðlogU IMF; logUKEVÞ, and for UKEV and radial solar wind
speed vr, defined rvB ¼ rðvr; logUKEV). Correlation coefficients
for different solar cycle phases are given in Table 2.

The 12 largest values for the ground Pc5 power are seen
during the declining solar cycle phase while the three lowest
values observed are seen during the solar minimum. The largest
Pc5 is seen during very fast solar wind (monthly average
>530 km/s) and for large IMF fluctuations (monthly average
>0.28 nT2). Ground Pc5 power can be predicted equally well
based on solar wind speed (rvB = 0.92) and IMF power
(rBB = 0.91). Pc5 power cannot be predicted very well
during ascending phase by using either of the parameters nor
any other tested parameters (such as particle density, not
shown). If some parameter needs to be used during the ascend-
ing phase, this study proposes IMF power to be marginally
better than solar wind speed. During solar maximum the solar

wind speed works better than IMF power for predicting the
ground Pc5 power.

Figure 2a shows that solar wind speed sets out a threshold
for the ground Pc5. Ground power of 20 nT2 cannot be
exceeded during the solar minimum if the monthly solar wind
speed stays below 450 km/s and power of 30 nT2 can be
achieved when speed is larger than 500 km/s. In contrast,
ground power reaches 100 nT2 for v = 450 km/s during the solar
maximum and up to 160 nT2 for v = 500 km/s during the solar
cycle declining phase. Minimum threshold has a roughly linear-
log relationship between solar wind speed and ground Pc5
power. We estimate that for the ground ULF power at KEV
the following relationship holds:

min UKEVð Þ � 100:0083vr�2:4 nT2; in units ½vr� ¼ km=s: ð2Þ
This indicates that every 120 km/s increase of mean solar wind
speed multiplies the average ground ULF power by 10. A sim-
ilar threshold might be possible to find forUIMF and UKEV prob-
ably most easily for declining and minimum phases. Romanova
& Pilipenko (2009) have computed similar characterizations
using a global ULF index derived by Pilipenko et al. (2008).
The results presented in their paper match well with our
results.

The monthly means of the logarithmic ULF powers (in
1998–2008) of interplanetary magnetic field U IMF (top-left)

Fig. 2. Scatter plot showing UKEV in comparison to a) radial solar wind speed, b) UIMF, color-coded by the solar cycle phase.

Table 2. Correlation coefficients between ground pulsation power
and solar wind magnetic (rBB) and solar wind speed fluctuations
(rvB).

Time interval rBB p-value rvB p-value

Whole interval .83 <0.001 .80 <0.001
Ascending phase .59 .007 .56 .016
Solar maximum .31 .059 .73 <0.001
Declining phase .91 <0.001 .92 <0.001
Solar minimum .84 <0.001 .93 <0.001
Decl. + minimum .93 <0.001 .89 <0.001
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and ground magnetic field in Kevo UKEV (top-right) are shown
in Figure 3, together with the monthly mean solar wind speed
(bottom panel). At the top (bottom) of each figure the contours
include the data of the next (last) year as well. The horizontal
solid lines mark the boundaries of seasons, defined by months
nearest to solstices and equinoxes: spring is Feb–Apr, summer
is May–Jul, fall is Aug–Oct and winter Nov–Jan.

Considering the maximum monthly mean for each year,
winter is the peak time of U IMF (the upper panel of Fig. 3)
for most years over the solar cycle 23. In fact, the only years
without a winter peak in U IMF were 1999 (fall equinox peak),
2003 (summer solstice peak in addition to winter and spring
peaks), and 2008 (spring equinox peak). Peaks in the fall
1999, summer 2003 and fall 2003 are possibly due to the com-
bination of coronal mass ejections and long-duration high-speed
streams and related high fluxes of MeV electrons: their associ-
ated Pc5 activity produced high fluxes of MeV electrons in the
magnetosphere (Borovsky & Denton, 2006).

The solar wind speed has its peak month during equinoxes
before year 2003, with the exception of 1998 when the peak
speed is reached in summer. In 2003 the peak is in summer
and throughout 2004–2007 in winter, with a spring equinox
in 2008. U IMF and solar wind speed match each other in this
respect during the declining phase of SC23.

On the ground there is a tendency for the yearly ground
peak activity UKEV to occur during equinoxes before year
2003: only year 1998 has the peak in summer solstice instead.
After 2003, the yearly peak activity of UKEV shifts to winter: all
years 2003–2007 are winter-dominated. Only 2008 has its peak
at spring equinox matching nicely to the seasonal pattern of
U IMF in the same year. If the months immediately before and
after a year are also contributed (December of the previous year
and January of the following), the only difference is that the
peak of 1998 in U IMF is switched from summer to winter
solstice.

Considering the month of maximum ULF power for each
year, we note that the month of peak activity on ground coin-
cides with the peak solar wind speed in 9 out of 11 years: only
years not coinciding are 2000 and 2003. The peak ULF activity
in IMF coincides with peak solar wind speed in 6 years: 1998,
and all of 2003–2007, all except 1998 winter-dominated years
of ground ULF activity.

4 Solar cycle evolution of latitudinal
variability

The ground ULF power was computed for all 30 IMAGE
stations available for the time span 1998–2008 by the method
described in Section 2. IMAGE stations are located in a longi-
tudinal chain around 105� magnetic longitude, corresponding to
magnetic local time of MLT = UT + 3 hr. For each station the
data was further separated by the solar cycle phase (solar
maximum: 1999.6–2002.7, declining phase: 2002.7–2006.9,
solar minimum 2006.9–2009.0). The mean of the logarithmic
power in each cycle phase was computed and shown separately
for each station in Figure 4.

The mean ULF power at all stations is greater in the declin-
ing phase than at maximum or minimum. Independent of the
solar phase, the ULF power raises with magnetic latitude until
around 73� Mlat. Solar maximum has clearly greater ULF
power than the minimum up to 68� but above 70� the magni-
tude is similar in both phases. Only at HOP (73.06�) the power
at solar minimum is way lower than during other phases. This is
likely because there is very little data available at HOP for the
solar minimum.

Magnetic latitudes over about 71.6� have L-shells computa-
tionally above 10, which places them farther than the average
distance of the magnetopause. Therefore their magnetic field

Fig. 3. Monthly mean value of (a) IMF ULF power, (b) ground ULF power, and (c) solar wind speed in 1998–2008. Each vertical bin contains
the mean log monthly ULF power in (a) and (b), and the mean radial solar wind speed in (c). White dashed lines separate the figures by seasons,
and blue solid lines show the places where the solar cycle phase changes.
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lines map either into the solar wind or into Earth’s magnetotail,
depending on MLT. Hence, the ULF power for each station
was further separated by MLT to day (MLT 09-15) and night
(MLT 21-03) sectors. The result is shown in Figure 5.

The location of the largest ULF power depends on the MLT.
For day-time, the largest power (326 nT2) is recorded in
Svalbard, at HOR station, 74.13� magn. lat. In night-time the
largest power (156 nT2) in the data set is located in Norway’s
coast, at NOR station, 67.73� magn. lat.

The night-time power is locally enhanced and larger than
day-time power at the magn. latitudes 63�–68�, roughly cor-
responding to auroral oval region, while elsewhere the day-time
power is larger than night-time power. In this region, the night-
side ground Pc5 power is on average roughly 2 times larger than
the dayside Pc5 power. At magn. latitudes 71�–75� day-time
ULF power exceeds the night-time ULF power.

The ULF power increases most rapidly between 58� and 68�
magn. lat. when the increase is close to exponential with lati-
tude. Within 9 degrees the ULF power increases roughly one
and half orders of magnitude in both day-time and night-time
power. One order of magnitude increase is observed between
TAR (58�) and LYC (61� magn. lat.), within 3 degrees. The
typical mean ULF power in the southern Finland is of the order
of 3–7 nT2, while in the northern Finland it is roughly
50–100 nT2. During day the largest ULF power is found at
polar latitudes (at 72�–74� magn. lat.), while during the night
they are found in the auroral oval, whose processes are con-
trolled by the magnetotail processes. In the polar stations, at
higher than 74� magn. lat., the ULF power decreases rapidly
regardless of MLT. These northernmost stations reside part of
the time inside the auroral oval and otherwise within the polar
cap depending on MLT and geomagnetic conditions (Xiong
et al., 2014). The power decreases by a multiplier of 2–3 from
the ULF power maximum towards the northernmost station
(NAL) in the data set.

The different maximum location of ULF wave power
implies that the day-time and night-time power are driven by
different physical mechanisms: the night-time predominantly
driven by magnetotail processes, and day-time by solar wind
driven fluctuations. To estimate the relative importance of either

mechanism, it would be required to study the location of the
latitudinal power maximum in relation to changing solar wind
and magnetospheric driving parameters. During the feasibility
study for this paper we computed correlations between ground
ULF wave power and different solar wind variables including
solar wind speed, magnetic field, particle density, electric field
and dynamic pressure. We found out the best correlation for
IMF fluctuations (r = 0.83–0.86 depending on the vector com-
ponent), the second best for radial solar wind speed (r ¼ 0:80),
and much lower correlations for all other parameters: particle
density (r ¼ 0:07), dynamic pressure (r ¼ 0:71) and reconnec-
tion electric field (r ¼ 0:12). That made us to decide to focus on
the role of IMF wave power and leave the studies of other vari-
ables out of this paper.

5 Discussion

ULF waves are detected in many regions of the coupled
Sun-Earth system. This paper studies ULF power in solar wind
and on ground over monthly and solar cycle time scales.

Fig. 4. Mean ULF power in all IMAGE stations for solar maximum (red), declining phase (purple) and solar minimum (blue).

Fig. 5. Mean ULF power over years 1998–2008 for each IMAGE
station separately for day (09–15 MLT) and night (21–03 MLT). The
latitude of the respective L-shells (L3–L10) are shown by vertical
lines.
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Ground ULF waves in Pc5 frequency range are known to be
driven predominantly by solar wind speed (Tanskanen et al.,
2005) and to be related to the Kelvin-Helmholtz mechanism
(Nykyri, 2013) and auroral substorm processes (Pilipenko
et al., 2001; Kozyreva et al., 2016). ULF waves on ground as
well as in solar wind have been examined for decades (Jacobs
et al., 1964). Stephenson & Walker (2002) suggested, based
on an event in April 1997, that Pc5 field line resonances may
be directly driven by the solar wind oscillations. In their study,
they found oscillations in discrete frequency bands within the
solar wind, in the radial speed, thermal pressure, particle density
and each component of the magnetic field. At the same time
they found peaks in radar observations at similar frequencies.
Similarly, Kepko et al. (2002) observed pressure and BZ fluctu-
ations in the solar wind right before observing BZ magnetic
fluctuations within the magnetosphere, implicating a driving
relationship between compressional waves without and within
the magnetosphere.

The Pc5 pulsations have been examined statistically e.g. by
Mathie & Mann (2001) and Takahashi et al. (2012). Mathie &
Mann (2001) studied the relationship of solar wind speed to
daily ULF pulsation power for 1995, 1996 and 1997, an interval
they corresponded to the declining phase of SC22. They found a
strong positive correlation between solar wind speed and
dayside magnetospheric pulsation power across the entire
L-shell range they explored (3.75–6.79). Our results show that
the correlation was also high for the entire declining phase of
SC23 and it is true for stations at higher latitudes. Takahashi
et al. (2012) dependence studied geomagnetic pulsations in a
bit wider L-shell range 1.3–8.7 for years 2001 (solar maximum)
and 2006 (solar declining phase) and compared the results to the
solar wind data. They found (1) a positive correlation between
the Pc5 amplitude and both solar wind speed and dynamic
pressure, and (2) the amplitude at GOES and ground stations
with L > 5 to be higher in 2001 than in 2006.

Our paper examines a long interval of data (1998–2008
covering SC23) compared to previous studies, as well as a
wider range of magnetic latitudes 54.5�–75.3� (technically
L-shells 3–15). Our finding that the highest ULF power was
detected in the declining phase of SC23 matches nicely with
the result of Mathie & Mann (2001). Like Takahashi et al.
(2012) we also find a strong positive correlation between
magnetic fluctuations on the ground and solar wind speed but
for monthly averages and for all years 1998–2008.

We find a very similar trend between solar wind speed and
ground ULF power for the whole solar cycle, with the largest
correlation coefficient in the solar minimum (0.93) closely
followed by the declining phase (0.92) and lowest (0.56) in
the ascending phase. In contrast, monthly ULF power in IMF
and on ground correlate best in the declining phase (0.91), with
a comparatively large value in the minimum (0.84) and worst in
the solar maximum (0.31). However, the coefficient for both
declining phase and solar minimum is 0.93. Therefore, we con-
clude that IMF fluctuations may explain a part of the ground
ULF power, especially during the declining phase of SC23,
but less during the ascending phase and the solar maximum
when solar wind speed and other quantities seem to dominate.

While investigating solar wind quantities, we determined
the solar wind fluctuations in the proton density with the same
method. The monthly mean of the density fluctuations was
computed (not shown) and its correlation with the ground

ULF power at KEV was determined as 0.40, greatly exceeded
by the correlation 0.83 of the solar wind magnetic fluctuations.
In the monthly time scales, the magnetic fluctuations appear
more important than the density fluctuations for the ground
ULF power.

The strong coupling between solar wind parameters and
ground Pc5 pulsations over the declining phase is likely due
to the large number of high-speed streams during this period
(Xystouris et al., 2014). Earlier papers have reported Pc5 pulsa-
tion occurrence in the solar wind to correlate with spacecraft
observations of magnetic field pulsations within the magneto-
sphere (e.g. Kepko et al., 2002; Kepko & Spence, 2003) and
on the ground (Regi et al., 2015), especially during high-speed
streams (e.g. Kessel, 2008). High-speed streams are known to
correlate with, and sometimes host, ULF fluctuations (see
e.g. Engebretson et al., 1998; Kessel et al., 2004; Pahud
et al., 2009; Potapov, 2013; Snekvik et al., 2013). During
2003 a particularly large number of high-speed streams were
observed (e.g. Tanskanen et al., 2005; Xystouris et al., 2014).
Combined with the observation that Pc5 pulsations are often
associated with substorms it becomes likely that the high
ULF power in both ground and solar wind measurements during
the declining phase of the solar cycle are due to magnetic fluc-
tuations of the interplanetary magnetic field, high-speed streams
and the associated magnetospheric activity.

Early studies for solar cycles 18 and 19 have found Pc5
pulsations peaking in the minimum phase (Saito & Matsushita,
1968; Rao & Gupta, 1978). Our results for solar cycle 23
instead exhibit the maximum ULF power occurring in the
declining phase of the cycle while the minimum phase is rela-
tively weak. This might be explained by solar cycles 18, 19
and 23 being fundamentally different from each other in this
respect. In particular, the highly elongated coronal hole during
the declining phase of solar cycle 23 (Mursula et al., 2016)
caused high-speed streams to hit the Earth more regularly and
over more extended time spans than during other solar cycles,
and thus powered ULF waves. Similar elongated coronal holes
are not reported to occur during the declining phases of the solar
cycles 18 and 19.

The elongated coronal hole is also a candidate to explain
some part of the seasonal peaks in the solar wind speed and
by extension in the ground ULF power, because the associated
high-speed solar wind defies regular seasonal patterns (Mursula
et al., 2016) usually dictated by Russell-McPherron effect,
equinoctial effect, and axial effect (Lockwood et al., 2016).
The peak months of all three studied quantities in the declining
phase of SC23 occur exclusively in the northern hemisphere
winter, while the classic pattern of equinoctial peaks seems
more typical in the preceding years. The peak months in both
IMF power and ground ULF power closely resemble the ones
reported for solar wind in Tanskanen et al. (2017).

The dependence of ground ULF wave power on the L-shell
was studied by Mathie & Mann (2001) who showed that ULF
power increases towards higher magnetic latitudes. They
reported an order of magnitude difference between the ULF
powers in L-shells L ¼ 4 (60�) and L ¼ 6:6 (67�), which
matches nicely with results presented here: we report an increase
of about multiplier 20 over the samemagn. lat. range. The L-shell
range of L ¼ 4 to L ¼ 8 was studied by Rae et al. (2012) using
data fromCANOPUS/CARISMA network to include L-shells as
high as 8 (69.3�) over years 1990–2005. They found the ULF
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power in the dawn sector (03–09 MLT) to decrease around
L ¼ 8. The same feature was seen in the spacecraft observations
of the magnetosphere (Sarris & Li, 2016) during a geomagnetic
storm in October 2012. Our study expands the magnetic latitude
range to 75.25� geom. lat., corresponding to L � 15. Although
we have no observations between L = 7 (68�) and L = 9 (71�),
we found that the ULF power in the night sector (21–03 MLT)
shows a trend consistent with Rae et al. (2012) results, with
the maximum in correspondence to the nightside auroral oval,
i.e. at 68� or between 68� and 71�); such power is likely due
to processes related with substorms occurring in the magnetotail.
On the other hand, the daytime (09–15 MLT) power peaks at
73�–74�, at the poleward boundary of the dayside auroral oval.
This peak is likely caused or at least largely influenced by
near-noon pulsations, unrelated to Pc5 pulsations though occur-
ring partially at the same frequencies (Pilipenko et al., 2018).

Ground ULF power depends on MLT (Fig. 5). In the auroral
zone, roughly 63�–68�, the night sector exhibits a larger ULF
power than the day sector, but the opposite is true for both lower
and higher latitudes. Our results show that the ULF power in the
night sector begins to decrease at a way lower latitude (between
69� and 71� magn. lat.) than the power in the day sector (around
75� magn. lat.). Lepidi & Francia (2002) also studied ULF
power over the years 1998-1999 (ascending phase of solar cycle
23) and over even greater latitudinal range, from magn. lat.
29� (KAK station in Japan) to 85.5� (THL station in Greenland)
reporting local peaks between 70� and 80�, with a sharper peak
around 70� during night-time and broader peak during day-time.
Mostly, our results agree with those of Lepidi & Francia (2002):
the ULF power increases with latitude in a similar fashion.
As IMAGE network does not have stations in the 68�–73�
sector (except for BJN at 71.45�), in our results it looks like
the power decreases in this interval. While our results agree with
those of Lepidi & Francia (2002), from our results the peak spot
cannot be pin-pointed, although it exists in the auroral oval.
Hence, the night sector power increase in the auroral zone is
likely related to the substorm processes in the magnetotail or
to the auroral electrojet. It is not clear, which mechanisms pro-
duce the Pc5 wave power in the auroral zone. However, based
on studies on some features of storm-time substorms (Pilipenko
et al., 2001; Kozyreva et al., 2016), Pc5 wave power variations
in that region are connected to the auroral electrojet and field-
aligned currents in a way that is not presently understood.
Higher than magn. lat. 70� the day sector is dominating over
night sector, in agreement with the study of magnetic fluctua-
tions in Greenland by Peitso et al. (2018). This implies that most
of the ULF power in this region is due to solar wind driven
fluctuations. It is possible that some part of the ULF power in
the high latitudes is generated by Kelvin-Helmholtz process at
the magnetosheath/magnetosphere interface (Nykyri, 2013;
Liou & Sibeck, 2018), to which the magnetic latitudes there-
in are mapped by magnetic field lines. Magnetosheath being a
complicated, turbulent region it is (Schwartz et al., 1996),
further study is required to identify the dominant processes
affecting the ULF power at L > 10.

The lack of the magnetometers in the Norwegian Sea and
Barents Sea regions, partly due to sparsity of ground suitable
for magnetic observatories, is presently restricting the study of
the magnetic activity in the high latitudes. This restriction could
be lifted in the future by installing magnetometers in the
seafloor. Alternatively, and more readily, this chain of magnetic

latitudes could be studied by supplementing the data with
measurements from other high-latitude magnetometers beside
IMAGE network.

6 Conclusions

In this paper we have studied the monthly ULF power
within solar wind and on ground over solar cycle 23. The
knowledge on spatial and time evolution of ULF power is
useful for better understanding of how solar wind controls the
internal magnetospheric fluctuations in different time-scales
from daily and seasonal variability to solar cycle variability.
The long-term and seasonal effects of the ULF waves need
further investigation, as ULF waves have been suggested to
modulate atmospheric parameters, at least at polar latitudes
(Regi et al., 2016, 2017).

The main results of the paper are:

1. The highest ULF power in solar wind and on ground is
observed in the declining phase of SC23, around 2002–
2004, peaking in late 2003. The highest ULF power in
IMF during the declining phase is about twice as high
as the highest power in the solar maximum. Respectively,
the ULF power on ground during the declining phase is
three times the ground ULF power at maximum.

2. Ground ULF power (UKEV) follows well the ULF power
of the interplanetary magnetic field Z-component (UIMF)
and solar wind speed in the declining phase and the solar
minimum. The correlation coefficient of logUKEV and
logUIMF (vr) is rBB ¼ 0:91 (rvB ¼ 0:92) for the declining
phase and 0:84 (0:93) for the solar minimum. During
ascending phase, both IMF power and solar wind speed
are nearly equally effective (rBB ¼ 0:59 and rvB ¼ 0:56),
while during solar maximum the solar wind speed is a
better predictor for ground ULF power (rvB ¼ 0:73) than
the IMF power (rBB ¼ 0:31). The monthly solar wind
speed sets a minimum for the ground ULF power roughly
with a relation log UKEVð Þ � vr.

3. During ascending phase and solar maximum of solar
cycle 23 the ULF power on ground has its peak season
typically during an equinox, but after 2003 the maximum
season changes from spring and fall to winter. The max-
imum yearly ULF power returns back to the equinoxes at
the end of the time span examined here, i.e. in 2008.
Thus, there is a shift from equinox-dominated years to
solstice-dominated years in 2003.

4. The night-time ULF power exceeds the dayside power
between 63� and 68� magn. lat., likely caused by sub-
storms, matching with the typical auroral oval latitudes.
The ULF power increases with magnetic latitude until cer-
tain location depending on MLT. The highest power in the
night sector is reached at 68� magn. lat. at Nordkapp
(NOR), after which it decreases towards higher latitudes.
The dayside power gives larger values than nightside
power below 63� (Dombås and Pello latitudes) and
above 71� magn. lat. Due to the data gap between
68� and 71� magn. lat. the exact latitude where nightside
dominance changes to dayside dominance cannot be
obtained from this data set. Furthermore, the latitude where
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the highest night-time power is reached cannot be
concluded precisely due to the same reason. In the day sec-
tor the power increases until 74� before decreasing towards
higher latitudes. This implies that the ULF power in the
highest latitudes is affected by solar wind-magnetosphere
interactions such as the Kelvin-Helmholtz instability and
interactions with IMF oscillations.
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