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Abstract. A study is undertaken into parameters of the polar
auroral and geomagnetic pulsations in the frequency range 1—
4 mHz (Pc5/Pi3) during quiet geomagnetic intervals preced-
ing auroral substorms and non-substorm background varia-
tions. Special attention is paid to substorms that occur un-
der parameters of the interplanetary magnetic field (IMF)
conditions typical for undisturbed days (‘“non-triggered sub-
storms”). The spectral parameters of pulsations observed in
auroral luminosity as measured by a meridian scanning pho-
tometer (Svalbard) in the polar cap and near the polar bound-
ary of the auroral oval are studied and compared with those
for the geomagnetic pulsations measured by the magnetome-
ter network IMAGE in the same frequency range. It is found
that Pc5/Pi3 power spectral density (PSD) is higher during
pre-substorm time intervals than for non-substorm days and
that specific variations of pulsation parameters (“’substorm
precursors”) occur during the last 2—4 pre-substorm hours.

Keywords. Magnetospheric physics (auroral phenomena)

1 Introduction

Nightside auroral zone disturbances have been studied for
a long time. There are three main types of disturbances
(Lyons, 2000): poleward boundary intensifications (PBIs),
substorms, and effects of solar wind dynamic pressure en-
hancements. Solar wind dynamic pressure enhancements

cause an increase in global proton aurora (Laundal and @st-
gaard, 2008). PBIs are the most common type of disturbances
which occur during all levels of geomagnetic activity (includ-
ing all phases of substorms, storms, etc.) and have an auroral
signature and associated ground magnetic perturbations from
a few tens of nanotesla up to 500 nT. Evidence suggests that
PBIs might correspond to flow bursts from the distant tail
plasma sheet (Lyons, 2000).

Substorms are a far more dramatic and large-scale phe-
nomenon, related to ground magnetic disturbances of the
order of a few hundred nanotesla and auroral activity. The
problem of substorm triggering is of key importance for sub-
storm physics. Initially, it was thought that a northward turn-
ing of the interplanetary magnetic field (IMF) Bz compo-
nent was the required or main trigger (Aubry et al., 1970;
Lyons, 1995). Later it was reported (Hsu and McPherron,
2004) that “non-triggered substorms”, which can be asso-
ciated with a steady southward IMF Bz or northward IMF
(“non-triggered substorms with positive IMF Bz”), have the
same features, such as a negative bay in an auroral low (AL)
index and Pi2 waveforms associated with onset, as “normal
substorms”. The main difference between the two is that non-
triggered substorms usually have weaker magnetic field sig-
natures. Even so, an intense double-onset substorm, which
took place on 14 December 2004 under moderate parameters
of the solar wind (SW) and steady northward IMF was ob-
served (Liu et al., 2010). Liu et al. (2013) reported a unique
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substorm with an extremely long growth phase which devel-
oped under quiet IMF and solar wind conditions. For more
detailed information about other types of nightside auroral
zone activity, please see, for example, Henderson (2012).

Statistical studies show that solar wind parameters effect
substorm onset, in particular the starting time and location of
substorm onset as well as the greatest possible poleward lati-
tude of onset (Wang et al., 2005). However, up to 40 % of all
substorms cannot be associated with an IMF trigger and the
inclusion of IMF By as a potential trigger does not signif-
icantly change the statistics. Several authors have proposed
different criteria that allow us to count some SW parame-
ter variations as an external trigger (see Newell and Liou,
2011; Gallardo-Lacourt et al., 2012, for the detailed com-
parison of results depending on selection criteria). Even the
existence of a minimal threshold value of any IMF or SW pa-
rameter necessary for substorm excitation is also a subject of
discussion. Hence, Newell et al. (2016) concluded that any
change in the SW velocity or IMF Bz “does increase the
odds of a substorm when compared to no change”. The ques-
tion of internal triggers has also been discussed by various
authors, (e.g., Hurricane et al., 1999). Hurricane et al. (1999)
presented a model of substorm detonation. The model sug-
gests a mechanism whereby both internally and externally
triggered substorms and pseudo-breakups can be explained.
Also, the model explains the very fast onset timescale and lo-
calized initial signature of onsets. In addition,possible mech-
anisms of storing energy input into the magnetotail for the
event were discussed. The authors suggested that the energy
had been stored during southward IMF, with additional en-
ergy then being supplied by the dayside reconnection related
to the dominant IMF By.

Different kinds of instabilities are also proposed to be
an internal trigger. Panov et al. (2012) observed “strong
magnetic oscillations with period from 20 to 100s” in the
plasma sheet a few tens of minutes before the breakup using
THEMIS data. The authors concluded that these measure-
ments partly confirm the mechanism of the development of
a kinetic ballooning or interchange instability mentioned by
Pritchett and Coroniti (2010). Golovchanskaya et al. (2015)
assumed that Pi2 and Pc5 pulsations, associated with sub-
storms, might be interpreted as a signature of the ballooning-
type perturbations in the magnetotail. The THEMIS mission
gave new possibilities for a precise experimental study of
substorm development from the distant to the near tail dur-
ing the last pre-onset minutes (see, e.g., Angelopoulos et al.,
2008; Nishimura et al., 2010; Lui, 2011), and these studies
again raise a question about particular mechanisms of inter-
nal triggering.

One of the important questions for understanding sub-
storm generation is the possible existence of specific pre-
substorm variations of plasma, particles, and electromag-
netic field parameters (substorms precursors). Nishimura et
al. (2013) studied pre-substorm activity on the dayside polar
region using 630.0 nm wavelength data from an all-sky im-
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ager (ASI) located at 82.2° N and 56.4° W corrected geomag-
netic coordinates as well as the ASI array of the THEMIS
mission which consists of 21 white light imagers located be-
tween Greenland and Alaska. The authors suggested that the
pre-onset polar cap patches and arcs propagate from the day-
side polar cap to the nightside and might lead to substorm
onset.

Aurora is characterized by a complicated spectrum of
magnetic field oscillations, in particular in the ultra-low fre-
quency (ULF) range, including Pi2 pulsations as an onset
sensor (Olson, 1999) and pulsations both of Pil /2 and Pc4-5
types specific to different stages of a substorm (Samson et al.,
1992; Holter et al., 1995; Mager and Klimushkin, 2008). Pre-
substorm features in ULF parameters were studied by Saito
et al. (2008) and Liang et al. (2009) but only concentrating on
the final pre-onset minutes. The initial idea of Samson et al.
(1992) about a possible role of field line resonance (FLR) in
substorm triggering was later developed by Rae et al. (2014),
who found that specific resonance ULF waves with high az-
imuthal wave numbers can be a candidate for a trigger of the
substorm onset.

The problem of a preexisting population of ULF waves
at longer pre-onset times has yet not been studied in detail.
Only a few studies have paid attention to ULF wave activity
at approximately 1h or more than 1h before onset. Proba-
bly, Heacock and Chao (1980) were the first who found pre-
substorm growth of Pi pulsation power in the polar cap. Their
study of Pi pulsations at the Thule polar cap station showed
a Pi enhancement centered at 1.5 h before an onset at auro-
ral latitudes. The authors classified all the substorms as iso-
lated or non-isolated according to the auroral electrojet (AE)
index during the preceding time interval and found that Pi
enhancement at Thule appeared in both cases. Later, Yagova
et al. (2000) studied Pi3 amplitudes in the polar cap using
the data from the VOS station in Antarctica and found that
the amplitudes were high during the final pre-substorm hours
when compared to non-substorm days. Golovchanskaya et
al. (2015) reported a visible precursor approximately 40 min
before a substorm onset (the so-called east-west type pre-
cursor activity of the auroral onset). Wing et al. (2013) stud-
ied the power of wave/broadwave, monoenergetic, and dif-
fuse auroral electrons 2h before and 3h after onset of an
isolated substorm (i.e., a substorm which is separated by at
least 5 h from other substorms) using data from DMSP satel-
lites. It was reported that the wave power observed in the
monoenergetic electron aurora peaked in the dusk—midnight
sector and slowly started increasing about 1 h and 15 min be-
fore an onset. Possible explanations were provided related
to the stretching of the magnetotail or the development of
low-frequency waves. Pre-substorm variations of ULF wave
parameters were seen not only in geomagnetic, but in opti-
cal data as well. Samson et al. (2003) observed FLR in the
frequency range 1-4 mHz in optical data from a meridian
scanning photometer (MSP) at Rankin Inlet (CGM latitude
@ = 72°) and Gillam (® = 66°) stations.
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A comparison of magnetic and optical pulsations in the
1-4mHz frequency range could shed light on processes
which lead to substorms. Processes in the geomagnetic tail,
which may be related to any pre-substorm signatures, are re-
flected mostly in broadband, high-latitude, long-period ULF
fluctuations. Such “geomagnetic noise” requires a quantita-
tive analysis technique, such as that developed by Yagova
et al. (2010, 2015). Yagova et al. (2010) found that the
spectral content of high-latitude geomagnetic pulsations in
the 1-5mHz (Pc5/Pi3) frequency range is characterized by
regular diurnal variation and irregular day-to-day variation.
The regular fraction is controlled by geomagnetic latitude
and magnetic local time (MLT), while the irregular varia-
tions of Pc5/Pi3 spectral parameters are controlled by the
space weather conditions, both in the solar wind and in
the magnetosheath—-magnetosphere system. This technique
(a description is given in Sect. 2.2) may be especially useful
for a comparative analysis of geomagnetic and auroral lumi-
nosity pulsations. The power spectral density (PSD) of au-
roral luminosity pulsations varies together with the constant
part of auroral luminosity and depends on the solar zenith an-
gle and on the albedo of the atmosphere. The spectral slope
of high-latitude geomagnetic Pc5/Pi3 pulsations proved to
be a factor controlled mostly by the parameters of the mag-
netic field fluctuations in the magnetosphere—magnetosheath
system (Yagova, 2015b). Pc5/Pi3 spectral slope varies in a
correlated way within all the high-latitude (® > 65°) region
at the ground surface, and it is natural to assume that the spec-
tral slope, and more generally, the spectral content of auroral
luminosity pulsations at millihertz frequencies are also con-
trolled predominantly by parameters of the magnetosphere
and that substorm precursors can be found in spectral param-
eters of geomagnetic and auroral luminosity pulsations.

In the present study we concentrate on the ULF spec-
tral content in the northern polar cap, using both geomag-
netic and auroral luminosity data. The analysis focuses on
two datasets, both with similar geomagnetic and solar wind
conditions. One dataset contains isolated non-triggered sub-
storms whilst the other does not. The spectral parameters of
the two datasets may demonstrate a systematic difference be-
tween a magnetically quiet interval followed by a substorm
and one not followed by a substorm. If such a parameter
(“substorm precursor”) does really exist and can be quan-
tified, it may indicate the inner generation mechanism for a
non-triggered isolated substorm.

2 Experimental data and data processing

2.1 Observations

In this study, data from an MSP located at the Kjell Hen-
riksen Observatory (KHO), Svalbard (78.15° N, 16°E; & =

75.12°), are used. The MSP has a temporal resolution of 16 s
and an angular resolution of one degree.
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IMAGE is a European magnetometer network equipped
with three-component flux-gate magnetometers (Tanskanen,
2009). The chain is located approximately along the mag-
netic meridian 100 (MM100), and it covers CGM latitudes
from ® =77 to 40°. The LYR station is colocated with the
KHO. The observational range of the MSP allows iono-
spheric data coverage at one additional magnetometer site
NAL (78.9°N, 11.9°E, ® = 76.1°). In the present study the
data with 10s initial time resolution are used. The analysis
is undertaken for winter months (from the end of October to
first half of March) due to the MSP only operating during the
auroral season. The observations cover the years of the min-
imum (2009-2011) and of the growth phase (2012-2014) of
the 24th cycle of solar activity.

2.2 Data processing

MSP data are digitized for the location coinciding with the
northernmost station of the IMAGE network: NAL. To this
end, MSP data are averaged in the band centered at 30°. The
width of the band depends on latitude, and it is equal 20°
for A = 557.7nm for NAL location. Both the IMAGE mag-
netometer and MSP data are preliminary low-pass-filtered
with the cutoff frequency fj = 6.25 mHz and resampled to
the same time resolution of 80 s (note that fj, is the Nyquist
frequency for the 80 s time resolution)

Spectral estimates are carried out in a 1.5 h sliding window
using with the Blackman—Tukey method (Jenkins and Watts,
1968; Kay, 1988) with a 64-point Kaiser window. PSDs, and
the magnetic—auroral cross spectra (in both square coherence
and phase difference) are calculated for the two horizontal
components of the magnetic field and the 557.7nm MSP
channel. In addition to the cross-spectral analysis, a quan-
titative description of broad-band pulsations is carried out
using the methods described in Yagova et al. (2010, 2015)
and the reader is directed to those papers for a more detailed
description. Briefly, the technique is based upon an expan-
sion into Legendre polynomials of a log—log spectrum with
the resulting coefficients providing a quantitative description
of ULF wave activity. To describe pre-substorm variations of
Pi3 spectral content, the first three coefficients of the expan-
sion

N
U(F)ZGN(F)=ZL;E(F) (1)
n=0

are used. Here P, is the nth normalized Legendre polynomial
(Korn and Korn, 1968); o (F) =1og(S/So) (here S is PSD
and So = 1 nT2Hz™!):

ZFU_(Fmax“‘Fmin)'

F= ; (@)

Finax — Fuin

Fy = log(f), Finax = log(fmax)’ and Fiin = log(fmin)~
The first three coefficients of Eq. (1) describe the loga-
rithm of PSD, o, spectral slope, «, and the parameter Q =
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Table 1. Selection criteria for automatic selection of non-triggered substorms (see text for details).

Variable Min Max Interval df/dt or Min  Max At
f@® Smin  fmax n n | Af(AD) fordf/dt oréf
A By, TRO, bay 80nT - 18 24:00UT | (dBy/dr) | —0.1nTs™! - 900s
A By, TRO, backgr. —  40nT —6 —1(ons=0) | - - - 2h
Dst —50nT — | —4days 0] - - - -
IMF, By —3.5nT 5nT —6h 0 | |ABz]| - 5nT 900s
IMF, By —7nT 7nT —6h 0 | |ABy| - 7nT 900s
p —  3nPa —6h 0| |AP]| —  1nPa 900s
AE - 70nT —3h —0.5h | - - - -

— L, which estimates the deviation of the spectrum from
the inverse power approximation (color noise) near the cen-
tral frequency of the interval analyzed.

To reveal specific pre-substorm variations, days with iso-
lated non-triggered substorms at the station TRO (69.66° N,
18.94°E; ® = 66.63°) located in the auroral oval are se-
lected and compared with non-substorm days. Parameters
used to select substorms meeting non-trigger conditions are
summarized in Table 1. The first column of Table 1 gives
the parameters and points or region where they have been
recorded. The second column gives intervals (minimal and
maximal values) allowed for each variable, and the third col-
umn shows the time interval for analysis, either in UT (the
first line) or in respect to onset time (all the other lines of
Table 1). For some parameters not only their absolute val-
ues but also the variations are important. They are taken into
account either in the form of a time derivative or as the am-
plitude of variations at some time interval. This information
is presented in column 4. The allowed minimal and maxi-
mal values for these parameters and the time intervals used
are given in columns 5 and 6, respectively. As examples, the
Dst index should not exceed —50nT for 4 days preceding
the substorm and the IMF Bz component should vary be-
tween —3.5 and 5nT with a maximum absolute value ABz
at each 15 min interval of 5nT (this corresponds to d Bz /ot
of 5.6pTs™1). The last line of the table contains the infor-
mation on the AE index of auroral activity used to select
isolated substorms, i.e., those that are not influenced by pre-
ceding auroral activations. Non-substorm days used for the
superposed epoch (SPE) analysis are selected with the same
set of IMF and geomagnetic activity parameters as days with
non-triggered substorms. Threshold values for the maximum
amplitudes of geomagnetic variations are chosen to be the
same for the non-substorm days and the pre-substorm hours
during substorm days. The selection procedure is applied to
intervals from January to March and from October to De-
cember between 2005 and 2014.

Days when non-triggered substorms are registered to-
gether with the most important selection parameters are
given in Table 2. The first three columns of Table 2 give the
year, day of the year (DOY), and time #p in hours and min-
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utes of the substorm onset. This is determined automatically
from the TRO B, data as a point when —d B, /dr exceeds the
threshold value. The fourth column gives the substorm bay
amplitude. The fifth column gives the minimal value of IMF
Bz during last 6 pre-substorm hours. To control a possible
influence of preceding substorms, mean and maximal val-
ues of the AE index during the last three pre-substorm hours
(AE3) are given in columns 6 and 7. For all the substorms,
mean values are well below 100 nT; however, local auroral
activations with AE > 100nT occurred in the evening sec-
tor at MM 100 for about one half of substorms shown in Ta-
ble 2. To discriminate the possible post-substorm variations
from those developing with an absolutely quiet background,
we have selected substorms with max(AE3) < 70nT. Here-
after, we denote them as “non-triggered isolated substorms”
and use both groups of non-triggered substorms in SPE anal-
ysis. The Akasofu parameter (Akasofu, 1979) has not been
used in the selection procedure. It is included in Table 2 to
estimate an energy input during hours preceding non-trigger
substorms. The last column of the table shows the 6 h max-
imal value max(gg). It is clear from Table 2 that the values
for the selected days are typical for quiet days, rather than for
classical substorm days, as they lie below the substorm level
estimated as 100 GW (Akasofu, 1981; Koskinen and Tanska-
nen, 2002).

An SPE analysis allowed the ULF parameters (PSD, spec-
tral slope, Q-factor, and square spectral coherence) of the two
groups to be compared. Each parameter is averaged over pre-
substorm intervals on days with non-triggered substorms and
for non-substorm days. Zeros of time axes are taken at the
time instant 7o (Table 2) on substorm days, and identical #
distributions are randomly generated for non-substorm days.

3 Results of the analysis
3.1 Background variations of the oval polar boundary
and PSD of geomagnetic and auroral luminosity

pulsations

Both auroral and geomagnetic activity at a given location de-
pends, to a first approximation, on its relative position with

www.ann-geophys.net/35/365/2017/
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Table 2. Selected non-triggered substorms. Non-triggered isolated substorms (see text) are given in bold.

369

Year DOY 1ty (hh:mm) AB,TRO,nT MinIMF (Bz),nT Mean(AE3),nT Max(AE3),n”T Max(gg), GW
2005 070 22:12 152 -1.6 28 42 12
2009 036 22:10 98 -3.0 26 47 14
2010 072 20:10 118 -29 84 236 15
2010 075 22:11 147 -33 44 111 10
2010 300 19:31 93 -1.8 30 44 40
2010 319 21:46 262 -3.5 22 161 38
2011 285 19:40 187 -3.1 72 145 31
2011 339 21:04 124 -2.8 27 18 5.6
2011 351 22:35 149 -2.7 20 19 8.9
2012 017 20:13 107 -29 45 82 18
2012 303 21:47 137 -33 29 26 13
2012 313 21:46 115 -33 19 22 22
2012 315 21:36 248 -3.5 50 214 18
2014 042 22:00 105 =35 43 192 20
2014 048 20:01 149 —-2.6 41 95 19
= = Quiet days cluded for an analysis of any disturbances in these param-
. 5f — NT substorms, all eters. Figure 2 illustrates the PSD variations with time in
3 P NT substorm, isol the nighttime MLT sector for pulsations in the geomagnetic
el«z 0 BRRESS ~ (top) and auroral luminosity in the 557.7 nm channel (bot-
623 N tom). The geomagnetic PSD is calculated in absolute units
-5 AT T—— (PSD is in nT2Hz '), while the PSD of auroral luminos-
il ity is normalized. The PSD variations for the whole inter-

17 18 19 20 21 22 23
UT, h
Figure 1. Variations of the difference between the oval polar bound-
ary and the NAL station CGM latitudes, A ®, averaged over evening

and night hours of days with NT substorms (solid blue), isolated NT
substorms (solid green), and undisturbed days (dashed magenta).

respect to the auroral oval. The polar boundary of the auroral
oval is calculated using DMSP satellite data summarized in
the OVATION empirical model (http://sd-www.jhuapl.edu/
Aurora/ovation_live/background.html, Sotirelis et al., 1998;
Sotirelis and Newell., 2000). The resulting calculated differ-
ence between the auroral polar boundary (PB) and NAL cor-
rected geomagnetic (CGM) latitudes, are shown in Fig. 1.
Positive/negative values of A® correspond to the oval/cap
NAL position. The variations of AP are shown separately
for quiet days (magenta dashed line), days when NT sub-
storms occurred (solid blue line), and isolated non-triggered
substorms (green solid line). For all the three datasets NAL
crosses the oval PB late in the evening, and it lies inside the
polar cap at night. The time of PB crossing is about an hour
later for substorm days, than for quiet days, and thus for pre-
substorm hours PBIs may play a role in observed ULF fea-
tures.

The diurnal variation of the spectral parameters of geo-
magnetic and auroral luminosity pulsations averaged over
undisturbed days is the background which should be ex-
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val of observations are shown with blue solid lines, and the
variations for the first (solar minimum) and second (rising
phase of solar activity) subintervals are shown with dashed
magenta and green dotted lines, respectively. The frequency
band centered at f = 1.2mHz is taken for both geomag-
netic and auroral luminosity pulsations. The PSD of the geo-
magnetic pulsations at 18:00-19:00 UT decreases with time
and then grows and reaches a maximum after local magnetic
midnight (UT =21.5). The near-midnight maximum in the
geomagnetic PSD is related to substorm-like auroral activ-
ity and even for days without substorms the diurnal varia-
tion is expressed more clearly for the years 2012-2014 than
for the years 2009-2011. Two maxima in the diurnal vari-
ation of PSD of auroral luminosity pulsations are found at
UT =20.3 (MLT~23) and UT=23.5 (MLT ~2.5). Thus,
the background variations of the PSD of geomagnetic and
auroral pulsations are not identical.

Although there are numerous papers describing aurora
modulation by Pc5 pulsations (see, e.g., Xuetal., 1993;
Safargaleev et al., 2005; Roldugin and Roldugin, 2008), am-
plitudes of geomagnetic and auroral luminosity pulsations
are controlled by different physical factors. Thus, geomag-
netic ULF power at high latitudes is essentially controlled by
SW or IMF parameters, while the fluctuations of auroral lu-
minosity are more local and their amplitudes depend on the
energy distribution of particles at a particular L shell.

Ann. Geophys., 35, 365-376, 2017
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Figure 2. PSD variations of the meridional geomagnetic (top) and
A =557.7nm luminosity pulsations (bottom) at nighttime during
quiet days at f = 1.2mHz. The results for the whole period of
observations (2009-2014), the solar minimum (2009-2011), and
the rising phase of solar activity (2012-2014) are shown with blue
solid, dashed magenta, and green dotted lines, respectively. PSD of
geomagnetic and auroral pulsations are given in nT2Hz~! and in
arbitrary units, respectively. UT and MLT for NAL are shown in the
bottom and top of the figure.

3.2 An example of a non-triggered substorm that
occurred on day 2011 351

An example of a non-triggered substorm together with the
same parameters for an undisturbed day are shown in Fig. 3.
The magnetic field variations at the auroral IMAGE station
TRO (69.66° N, 18.94°E, ® = 66.63°), AE and Wp indexes
(Nose et al., 2012), Bz and By IMF components, solar wind
velocity, Vx, and dynamic pressure, P, variations are similar
for both days. However, a moderate (AB = 150 nT at TRO)
substorm takes place near MLT midnight (UT =22:30) on
day 2011 351, and no substorm occurs in this longitude sec-
tor on day 2009 334. The substorm on day 2011 351 is also
marked with a peak in Wp index calculated from the low-
latitude Pi2s.

3.3 Examples of pre-substorm coherent variations of
geomagnetic field and auroral luminosity at NAL

An example of coherent magnetic and auroral luminos-
ity pulsations observed during a 1.5h interval starting at
18:40 UT on day 2011 351 (in the late evening sector for
IMAGE stations) is shown in the left panels of Fig. 4. Broad-
band pulsations with a visible period about 13 min are seen
simultaneously in the meridional component of the magnetic
field at the NAL station and in the intensity of 557.7 nm
emission at the MSP scan angle corresponding to the lati-
tudinal location of NAL. Spectra for this interval are shown
in Fig. 5. PSD, square spectral coherence, and phase differ-
ence spectra are given in the top, middle, and bottom panels,
respectively. Two maxima in the spectral coherence are seen
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Figure 3. Examples of a “non-triggered” substorm on day 2011 351
(left) and a non-substorm on day 2009 334 (right). From top to bot-
tom: TRO magnetogram, AE index, Wp index, IMF Bz and By,
solar wind velocity, Vx, and dynamic pressure, P, measured by the
ACE and WIND satellites.

Day 2011351, start UT=18:40  Day 2009334, start UT=18:56
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Figure 4. Variations of geomagnetic field and auroral luminosity on
days 2011 351 (left) and 2009 334 (right) shown in Fig. 3 for 1.5h
intervals in the pre-midnight sector. Geomagnetic and auroral lumi-
nosity pulsations are given in nT and arbitrary units, respectively.

at 1.1 and 1.45mHz. As seen from the bottom panel, there
is an approximate 180° phase difference between the pulsa-
tions observed in the magnetometer and MSP data across the
frequency range with a high coherence level. The substorm
starts at 22:30 UT on this day, i.e., 2.5 h after the end of the
interval shown in Fig. 4.

A similar presentation for the interval starting at
UT =18:56 on the non-substorm day 2009 334 is given in
right panels of Figs. 4 and 5. It is seen from both the time
and spectral presentation that magnetic and auroral luminos-
ity pulsations have different spectral content. This is reflected
in low spectral coherence (right middle panel of Fig. 5).

Another non-triggered substorm took place on day
2012 017 (to=20:13 UT). Variations in the magnetic field
and auroral luminosity for a 1.5h interval starting at
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Figure 5. Cross-spectral parameters for geomagnetic and auroral
luminosity pulsations for the events shown in Fig. 4. PSD spec-
tra are given in the top panels. The PSD spectra of geomagnetic
pulsations (magenta) are given in nT2Hz~!, and those of auroral
pulsations (dark blue) are given in arbitrary units. Coherence and
phase difference spectra are given in the middle and bottom panels,
respectively.
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Figure 6. An example of coherent magnetic and luminosity pre-
substorm pulsations, day 2012 017.

18:24 UT are shown in Fig. 6, and the cross-spectral param-
eters for this event are shown in Fig. 7. Two spectral maxima
are seen at approximately 1 and 2.2 mHz in the auroral lumi-
nosity and at 1.1 mHz in the geomagnetic pulsations (upper
panel of Fig. 7). Also, two maxima are seen in the spectral
coherence at 0.9 and 1.8 mHz (middle panel of Fig. 7). At
the frequency of the first coherence maximum there is an ob-
served phase shift of approximately 45° between the auroral
and the magnetometer observations (geomagnetic pulsations
are leading). By comparison there is no significant phase shift
observed at the second coherence maximum (bottom panel of
Fig. 7).
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Figure 7. Cross-spectral parameters for geomagnetic (magenta) and
auroral luminosity (blue) pulsation for the event shown in Fig. 6.
PSD spectra (top), square spectral coherence (middle), and phase
difference (bottom). PSD spectrum for the magnetic field is given
in nT2Hz~ !, and auroral luminosity spectrum is given in arbitrary
units.

3.4 SPE results for pre-substorm and non-substorm
intervals

The PSDs at the frequency f = 1.2 mHz averaged over days
with non-triggered substorms (solid blue line), and non-
substorm (dashed magenta line) days are shown in Fig. 8 for
the northernmost IMAGE station, NAL, and for the lower-
latitude auroral station TRO for the 15h preceding onset
time, tp, marked as T = 0 in Fig. 8. Note that each point on
the time axis shows a starting point of each 90 min interval,
and thus T = —1.5 corresponds to the last interval before an
onset from 7y — 1.5 to fg. The same time format is used also
in Figs. 9 and 10.

During the entire analysis interval the PSD is almost 1
order of magnitude higher for substorm days than for non-
substorm days. The situation is qualitatively similar also for
the stations BIN (74.5° N, 19.2°E; & = 71.43°) and LYR lo-
cated between NAL and TRO (not shown). This implies that
the amplitude of ULF pulsations in the Pi3/Pc5 range ob-
served at high latitudes preceding a substorm event can be
statistically significant when there is no obvious trigger in
the SW and pre-substorm conditions at the current point are
geomagnetically quiet.

To determine the possible influence of local auroral acti-
vations separated by 1-3 h in MLT, we have selected among
non-triggered substorms given in Table 2 those that occurred
with a quiet geomagnetic background. To this end, we used
the criterion max(AE3) < 70nT. The results for this group
of substorms (“non-triggered isolated substorms”) are shown
in Fig. 8 in green. The behavior of PSD for both groups of
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Figure 8. SPE results for PSD at two IMAGE stations averaged
over pre-substorm intervals for days with non-triggered substorms
(blue), non-triggered isolated substorms (green), and over the inter-
vals with the same MLT distribution for non-substorm days (ma-
genta).

non-triggered substorm days is similar, and it differs essen-
tially from non-substorm days. The difference between the
results for all non-triggered substorms and non-triggered iso-
lated substorms is only quantitative, with lower PSD for the
non-triggered isolated substorm days.

However, this magnitude difference is evident over more
than 10h before a substorm onset, and there is no specific
change in the PSD which can be utilized to provide informa-
tion regarding the actual onset time. To reveal specific pre-
substorm variations, an SPE analysis has also been carried
out for the spectral slope, «, and the parameter Q. The re-
sults for the 5 h preceding substorm onset are shown in Fig. 9.
The figure shows a systematic difference between days with
non-trigger isolated substorms and non-substorm days dur-
ing the last pre-onset hours. While for quiet days both « and
Q decrease together with PSD, i.e., observed oscillations ap-
proach white noise, the situation for the pre-substorm varia-
tions of these parameters is different. The spectral slope in-
creases steeply from approximately #y — 4.5 h. A meaningful
difference between pre-substorm and quiet spectral slope ex-
ists during two time intervals, the first centered at 7o —4 h and
the other starting at ro — 2 h. Q starts growing at about fy — 5
and reaches a maximum 15 min later than «. A meaningful
difference between its pre-substorm and quiet values exists
throughout the interval from 79 — 4.5 to ty — 1.5. This means
that Pi3 spectra are, at that time, dominated by pulsations
with frequencies about and below 2 mHz.

Correlated pre-substorm variations of the magnetic field
and auroral luminosity may indicate the existence of specific
pre-substorm pulsations. The SPE results for square spectral
coherence, y2, between geomagnetic and auroral luminos-
ity pulsations at a central frequency f = 1.4 mHz (i.e., near
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Figure 9. SPE results for spectral slope, o, and the parameter Q
during the last pre-substorm hours for the same set of non-triggered
isolated substorms and non-substorm days as in Fig. 8. Dotted lines
show the 85 % confidence intervals.
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Figure 10. SPE results for the square spectral coherence between
auroral (A = 557.7 nm) and magnetic (By) pulsations at NAL (f =
1.4 mHz) for the same days or intervals as in Fig. 8. Dotted lines
show the 85 % confidence intervals.

one of the coherence maxima observed in the case studies)
are shown in Fig. 10 for the same set of substorm and non-
substorm days as in Fig. 9. While no essential variation of >
is seen for non-substorm days (dashed magenta line), on sub-
storm days y2 demonstrates a maximum at about 7o — 3.8 h
and reaches 2 = 0.7. A meaningful difference between pre-
substorm and non-substorm coherence values exists for two
intervals, the first centered at typ — 3.7 and the second started
at o — 2.2 when y2 > 0.5. This means that the generation of
coherent Pc5/Pi3 pulsations observed in both the geomag-
netic field and auroral luminosity in the polar cap is a charac-
teristic pre-substorm feature, recorded regularly a few hours
before an onset of an auroral substorm, or at least before a
non-triggered substorm. These pulsations may correspond to
some stage of the development of a substorm from various
inner processes in the geomagnetic tail.
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4 Discussion and conclusion

We have found that the spectral parameters of pulsations
observed in the geomagnetic field and auroral luminosity
in the polar cap and near the polar boundary of the auro-
ral oval are characterized by both regular background vari-
ations and specific pre-substorm changes. A comparison of
the ULF pulsation activity in the hours preceding a non-
triggered substorm (a substorm that occurs on a geomag-
netically quiet day with no discernible trigger in the solar
wind) and that observed on a similarly quiet non-substorm
day was undertaken. The study found that PSD of geomag-
netic fluctuations in the Pc5/Pi3 (1-4 mHz) frequency range
is several times higher for these non-triggered substorm days
than for non-substorm days. Such an increase in ULF activ-
ity could signify favorable conditions for the occurrence of
a substorm. Based on precise case studies, Kim et al. (2009)
have shown that enhanced levels of IMF fluctuations are re-
lated to fluctuating particle flows in the plasma sheet and
the enhanced occurrence of onsets in comparison with in-
tervals of non-fluctuating IMF. This result confirms the con-
clusion of Kozyreva et al. (2007) about the key role that
ULF waves observed at high latitudes in the Pc5/Pi3 fre-
quency range play in the energy transfer from the solar wind
to the magnetosphere. The basic energy supply channel is
reconnection, operated under negative IMF, and viscous in-
teraction, which becomes noticeable under positive IMF. En-
hanced ULF turbulence favors the second mechanism (Ro-
manova and Pilipenko, 2008). Additionally, it was proposed
that ULF waves can heat the magnetotail plasma and thus
provide a condition for the “thermal catastrophe” substorm
mechanism (Goertz and Smith, 1989).

ULF power in the outer magnetosphere and at high ge-
omagnetic latitudes on the ground surface is influenced by
steep and quasi-periodic variations of solar wind dynamic
pressure (Kepko et al., 2002; Kim et al., 2002). Global ULF
enhancements following such dramatic changes in solar wind
dynamic pressure as a sudden commencement (SC) and sud-
den impulse (SI) have been studied for almost 50 years, be-
ginning with the early report by Saito and Matsushita (1967).
Later the ULF temporal evolution and spatial and frequency
distributions of the geomagnetic wave field in the ULF fre-
quency range caused by pressure pulses in the solar wind
were studied in numerous papers (see, e.g., Kleimenova et
al., 1999, 2011; Roldugin et al., 2006). Yagova et al. (2007)
found that ULF spectral power at the high geomagnetic lat-
itudes on the ground correlated with the ULF power in the
solar wind at any level with no threshold value of ULF am-
plitude in the foreshock. Belakhovsky and Roldugin (2008)
reported steep variations in ground ULF parameters as an
immediate answer to IMF turning without pulses in the so-
lar wind dynamic pressure. An unique Pc5 event registered
directly in the geomagnetic tail (Eriksson et al., 2008) also
demonstrated a clear answer to the IMF turning. The results
of the studies mentioned and numerous others prove that en-
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hanced ULF activity before triggered, storm time, or non-
isolated substorms surely exists, but it can hardly be discrim-
inated from other factors that influence substorm develop-
ment.

The above analysis shows a contribution of ULF waves
to the substorm preparation under the “cleanest” conditions,
i.e., when all the non-wave foreshock parameters are fixed
at the same level as for non-substorm days. Moreover, there
is a principal difference between the preexisting enhanced
level of ULF wave power and classical triggers, like the IMF
turning or the dynamic pressure pulse. Enhanced ULF am-
plitude exists for rather a long time before the onset of a non-
triggered substorm. Thus, it provides energy input into the
magnetosphere but does not choose any particular time in-
stant for the beginning of the process.

We have also found that the spectral content of geomag-
netic pulsations at the polar cap station NAL quantitatively
described with the spectral slope o and the parameter Q
changes during the last 3—4 h before an onset indicating that
the Pi3 spectra are enriched with frequencies below and
about 2 mHz. Coherent Pc5/Pi3 pulsations recorded in both
the geomagnetic field and auroral luminosity in the polar cap
are a characteristic pre-substorm feature, observed regularly
a few hours before the onset of an auroral substorm or at
least before a non-triggered substorm. This effect is evident
in both H-component magnetic and 557.7 nm luminosity pul-
sations. As for the phase difference between magnetic and
auroral luminosity pulsations, it varies from one event to an-
other (see, e.g., Figs. 5 and 7). This effect requires special
studies of the magnetic field pulsations in the geomagnetic
tail which can be a combination of shear Alfvén and com-
pressional modes and of particle energies responsible for ob-
served auroral luminosity pulsations.

However, the present study leaves several questions open
about the preexisting population of ULF waves and their role
in the substorm preparation. First of all, at the present stage
we cannot conclude that there is no ULF trigger of a “non-
triggered substorm” in the interplanetary space, i.e., that a
steep change in some of spectral or polarization parameters
of the IMF or SW fluctuations does not play the same role as
classical substorm triggers.

The next problem which remains open is the nature of the
association between the polar cap “precursor” and the auro-
ral substorm. More sophisticated studies are required to un-
derstand whether the “substorm precursor” found in the po-
lar cap before a non-triggered substorm is necessarily gen-
erated at some stage of a substorm preparation or whether it
is related to a forthcoming substorm only statistically. Elu-
cidation of a physical reason for the “substorm precursor”
requires the direct comparison of the magnetic field and par-
ticle flux variations in several positions including the inter-
planetary space, the magnetosheath, and the geomagnetic
tail.
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