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Abstract. We analyze spectral parameters of the geomag-
netic disturbances within the 1–4 mHz (Pc5/Pi3) frequency
range for 29 observatories from polar to auroral latitudes.
The main object of this study is the broadband (noise) back-
ground under quiet and moderately disturbed conditions. To
obtain a quantitative description of background high-latitude
long period ULF activity the log-log dependence of the spec-
tral power on frequency is expanded over Legendre polyno-
mials, and the coefficients of this expansion (spectral mo-
ments) are used to describe the most common features of
these spectra. Not only the spectral power, but also the
spectral slope and higher spectral moments, averaged over
relatively long time intervals, demonstrate a systematic de-
pendence on corrected geomagnetic (CGM) latitude,8, and
magnetic local time, MLT. The 2-D distributions of the spec-
tral moments in8-MLT coordinates are characterized by ex-
istence of structures, narrow in latitude and extended in MLT,
which can be attributed to the projections of different mag-
netospheric domains. Spatio-temporal distributions of spec-
tral power of elliptically (P-component) and randomly (N-
component) polarized signal are similar, but not identical.
The N-component contribution to the total signal becomes
non-negligible in regions with a high local activity, such as
the auroral oval and dayside polar cusp. The spectral slope
indicates a larger relative contribution of higher frequencies
upon the latitude decrease, probably, as a result of the reso-
nant effects in the ULF noise. The higher spectral moments
are also controlled mostly by CGM latitude and MLT and are
fundamentally different for the polarized and non-polarized
components. This study is a step towards the construction of
an empirical model of the ULF wave power in Earth’s mag-
netosphere.
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1 Introduction

Ultra-low frequency (ULF) geomagnetic disturbances, mon-
itored and recorded on the ground, are a manifestation of hy-
dromagnetic (MHD) waves generated in the Earth’s magne-
tosphere. The lower boundary of the ULF frequency range,
about 1 mHz, is determined by the length of the last closed
field line and the Alfv́en velocity in the outer magnetosphere.
The energy accumulated and transported by long period ULF
waves is larger than that of any other electromagnetic wave
processes in the near-Earth environment.

ULF activity comprises both narrowband (Pc) and broad-
band (Pi) pulsations. At high geomagnetic latitudes at fre-
quencies of a few mHz the narrowband pulsations (Pc5–6)
occur from time to time, while the broadband irregular vari-
ations (Pi3) are more ubiquitous. ULF geomagnetic activity
has been continuously recorded for several decades at hun-
dreds of ground stations and numerous satellites, but most
studies have focused only on narrowband pulsations, while
noise parameters have not been analyzed yet in a systematic
way. Thus, a major part of the available information on high
latitude ULF activity has been excluded from analysis, be-
cause the occurrence rate of narrowband pulsations is low as
compared with that of broadband pulsations with the same
amplitudes and in the same frequency bands.

At mid-latitudes the diurnal trends and seasonal variations
of amplitudes of ULF noise and polarization in a wide fre-
quency range from Pc2 to Pc5 (0.002–0.1 Hz) were found to
be very similar at different stations with similar magnetic lat-
itudes (Bloom and Singer, 1995). The amplitude and spectral
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slope of Pc5 geomagnetic fluctuations atL = 4.4, although
correlated with global geomagnetic indexes, cannot be en-
tirely characterized by them (Surkan and Lanzerotti, 1974).
In the frequency range 10−4

−10−2 Hz the power spectrum
of geomagnetic fluctuations at mid-latitudes can be approxi-
mated as∝ f −3 (Lanzerotti et al., 1990).

At high latitudes, besides traditional Pc5 pulsations, spe-
cific polar cap Pi3 activity exists. The spectral power of
high latitude Pi3 fluctuations is controlled by the extra-
magnetospheric factors (Yagova et al., 2004, 2007). Long-
term observations at high latitudes established a connection
between the interplanetary magnetic field (IMF) and iono-
spheric current systems, which resulted in several empirical-
analytical models of large-scale electromagnetic variations:
IZMEM (Papitashvili et al., 1994), Weimer (Weimer, 2001),
KRM (Kamide et al., 1981), AMIE (Richmond and Kamide,
1988), and field-aligned current model (Papitashvili et al.,
2001), parameterized by the IMF direction/strength, season,
and hemisphere. Statistical models of the spatial distribution
of Pc4–5 wave power in the magnetosphere, derived from the
data of highly-elliptical spacecraft were developed byAnder-
son et al.(1990) andTakahashi and Anderson(1992). How-
ever, so far there is no model to quantify the instantaneous
ULF power distribution all over the globe. The elaboration
of such a model may be a useful tool for insight into global
short-scale electrodynamics and its quantitative description.
Moreover, such model could be used for the prediction of
magnetic field variability, necessary to estimate the hazard
risk for satellite and ground technological systems (Perry et
al., 2005).

This study is an attempt to lay a basis for a new param-
eterized numerical model of high latitude long period ULF
activity, that utilizes high-precision maps of the spatial dis-
tribution of ULF spectral parameters. At this step we con-
centrate on the background daily variations of ULF spectral
parameters, averaged over a relatively long time period. The
analysis of ULF parameters during extreme space weather
events will be the subject of our next study.

There have been numerous studies aimed on localization
of the ionospheric projections of various magnetospheric do-
mains and their boundaries by using pulsation properties ob-
served on the ground. The location of maximal dayside Pc5
amplitude and linear polarization was supposed to indicate
the position of the last closed field line (Samson, 1972). The
narrow-band Pc5 pulsations at about 5 mHz were found to be
common below the last closed field line and random at higher
latitudes (Lanzerotti et al., 1999).

The problem of cusp localization with the help of the anal-
ysis of pulsation parameters turned out to be more compli-
cated, so the results of different research groups seem con-
tradictory and strongly dependent on technique applied. At
the expected dayside cusp latitudes the temporal variations of
broadband ULF activity were found to dominate the spatially
localized variations traditionally associated with the cusp po-
sition (Engebretson et al., 1995; Posch et al., 1999). On the

other hand,Szuberla et al.(2000) have revealed with polar-
ization analysis some spatial ULF features related to a possi-
ble cusp projection.

Intense broadband noise, Polar Boundary Intensifications
(PBI), was suggested to be an indicator of the poleward auro-
ral boundary in the midnight sector (Zesta et al., 2006). This
activity is very localized. The examination of spectral coher-
ence and time variations of spectral power at these latitudes
has shown that ULF fluctuations may be uncoupled between
geographically nearby areas, possibly projected into different
magnetospheric regions (Yagova et al., 2004).

Impulsive or quasi-periodic variations of the solar wind
dynamic pressure can cause Pc5–6 oscillations that are
highly coherent throughout all the high-latitude region (Kim
et al., 2002). A positive correlation between the ampli-
tude of the geomagnetic pulsations on the ground and solar
wind dynamic pressure oscillations in the Pc5/6 frequency
range exists not only for high-amplitude events, but perma-
nently at any amplitude of the pressure oscillations (Yagova
et al., 2007). High latitude long-period pulsations can be
driven also by quasi-periodic IMF oscillations (Prikryl et
al., 1999; Pilipenko et al., 2000; Kepko et al., 2002). The
Kelvin-Helmholtz instability of the magnetopause is one of
the oldest mechanisms suggested to explain Pc5 morpho-
logical properties (Samson, 1972). The same mechanism
of high-latitude Pc5 pulsations was suggested byClauer et
al. (1997), but at the ionospheric convection shear reversal
boundary.

In ULF studies different techniques of automatic discrim-
ination between noise and signal have been applied. Anal-
ysis of power spectral density was used for separation be-
tween narrow-band signals and broadband noise for auroral
Pc5 (Posch et al., 2003; Baker et al., 2003), and high-latitude
Pc3–4 (Ponomarenko et al., 2002; Chugunova et al., 2007).
These methods enabled the authors to find a distinction in the
behavior of narrowband signals and broadband noise. Po-
larization methods provide a tool to split the spectrum of
recorded time series into elliptically polarized and randomly
polarized parts. Their mathematical basis was developed in
optics (Born and Wolf, 1964) and then successfully applied
to ULF pulsation analysis (Fowler et al., 1967). In the po-
lar cap the diurnal and seasonal variations of narrowband
and broadband pulsations, as well as their inter-station spec-
tral coherency, were found to be very similar (Yagova et al.,
2002). However, in general, the possibility of different ori-
gins of long period ULF pulsations and noise with different
polarization properties, has not been thoroughly examined.

In this paper we suggest a new approach to the statisti-
cal analysis of diurnal and 2-D spatial distributions of spec-
tral characteristics of both broadband (Pi3) and narrowband
(Pc5) pulsations. The structure of the paper is as follows:
the observational data and data processing methods are de-
scribed in Sect. 2, Sect. 3 summarizes the results of analysis,
which are discussed in Sect. 4.
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Table 1. Stations and latitude zones.

Boundaries Station Network Geographic CGM MLT
CGM Lat code code Latitude Longitude Latitude Longitude midnight,

UT LT

65–67
ABK WDC-E 68.4 18.8 65.2 102.7 21:21 22:36
LRV WDC-E 64.2 338.3 65.3 68.1 00:05 22:38
TIK WDC-E 71.6 128.8 65.8 197.1 16:04 00:39
MAS IMAGE 69.5 23.7 66.1 106.9 21:06 22:41
PBQ WDC-E 55.3 282.3 66.3 357.8 05:05 23:54
TRO WDC-E 69.7 18.9 66.5 104.0 21:16 22:32

67–69
RBT CARISMA 58.2 256.3 67.2 317.8 07:25 00:30
FSM CARISMA 60.0 248.1 67.6 305.5 08:10 00:42

69–71
FCC WDC-E 58.8 265.9 69.1 331.9 06:35 00:19
YKC WDC-E 62.5 245.5 69.7 298.8 08:35 00:57
KTN CPPMN 75.9 137.7 70.3 201.6 15:48 00:59

71–72
EKP CARISMA 61.1 265.9 71.3 331.5 06:36 00:20
BJN WDC-E 74.5 19.2 71.4 108.7 20:59 22:16

72–73
HOP IMAGE 76.5 25.1 72.9 115.9 20:32 22:12

73–75
CNT CARISMA 65.8 248.8 73.3 302.1 08:22 00:57
BLC WDC-E 64.3 264.0 74.0 327.1 06:52 00:28
HRN WDC-E 77.0 15.6 74.06 110.4 20:54 21:56

75–77
LYR IMAGE 78.2 15.8 75.2 112.9 20:45 21:48
GDH WDC-E 69.3 306.5 75.9 39.8 02:24 22:50
NAL IMAGE 78.9 12.0 76.1 112.1 20:49 21:37

77–80
GHV MACCS 68.6 264.1 78.0 324.7 06:59 00:35
TAL CARISMA 69.5 266.5 79.1 328.5 06:46 00:32
IGL MACCS 69.3 278.2 79.2 352.5 05:25 23:58
CLD MACCS 70.5 291.4 79.3 18.6 03:52 23:18

80–82
NRD DMI 81.6 343.3 81.0 105.7 21:16 20:09

82–84
RES MACCS 74.7 265.1 83.2 319.7 07:16 00:56
SVS DMI 76.0 294.9 83.7 35.5 02:46 22:26

84–86
THL DMI 77.5 290.8 85.4 32.9 02:57 22:20

86–88
ALE WDC-E 82.5 297.7 87.0 101.9 21:34 17:24
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Fig. 1. A map with the station positions in geographic coordinates.

2 Observational data and processing technique

2.1 Observational data

For this study we use 1-min fluxgate magnetome-
ter data from several magnetometer arrays: IMAGE
(www.ava.fmi.fi/image/index.html), Greenland DMI magne-
tometer network (web.dmi.dk/projects/chain/), CARISMA-
CANMOS (portal.cssdp.ca:8080/ssdp/jsp/dataProducts.jsp),
MACCS (space.augsburg.edu/space/index.html), Circum-
pan Pacific Magnetometer Network (denji102.geo.kyushu-u.
ac.jp/denji/obs/cpmn/cpmnobse.html), and stations from
the WDC for Geomagnetism, Edinburgh (www.wdc.bgs.ac.
uk/catalog/master.html). The stations selected are located
from 65◦ to 87◦ CGM latitudes (8) in all longitudinal sec-
tors. Data from more than 50 stations with8 > 65◦ were pre-
analyzed, and 29 of them with good data coverage have been
chosen for detailed analysis (see map in Fig. 1). The coordi-
nates of each station and the local time of MLT midnight are
given in Table 1. Two groups of stations, located in relatively
narrow intervals of geomagnetic longitudes in Scandinavia
and Greenland (100–110◦ E) and in Canada (300–330◦ E),
have station coverage from polar to auroral latitudes, which
enable us to construct 2-D distributions of ULF parameters
in 8-MLT coordinates. At other longitudes the coverage is
more fragmented. In all important latitudinal zones, i.e. the
polar cap, cusp, and auroral oval, including its poleward and
equatorward boundaries, there are at least several stations at
different longitudes. This enables us to analyze the latitudi-
nally averaged parameters, take into account the influence of
geographic latitude, and exclude the intervals with intensive

artificial noise. We have chosen for analysis 23 months with
the best data coverage from February 1997 through Decem-
ber 1998.

2.2 Data processing

A routine data pre-processing procedure includes elimination
of instrumental spikes, interpolation to a common sampling
rate, and linear detrending. Intervals with long gaps are ex-
cluded from the analysis, and short data gaps (several points)
are filled with interpolated values. We used a two-hour run-
ning time window for spectral estimates. A time window is
considered valid for the analysis if it includes at least 90 min
of continuous records. Thus, the actual length of time in-
terval varies from 90 to 120 min and we do not use window
overlapping to avoid any variations in the degree of overlap-
ping.

Using the polarization analysis technique (Born and Wolf,
1964; Fowler et al., 1967) the horizontal signal on the ground
is expanded into two components: an elliptically polarized
component (P) and a randomly polarized component (N).

The following technique of quantitative analysis of ULF
spectraS(f ) in the frequency range (fmin,fmax) has been de-
veloped and applied. This technique is based on the analysis
of the log-log spectrum, i.e. the dependence of the logarithm
of spectral powerσ(F ) = log(S/S0) ( S0 = 1 nT2/Hz) on the
normalized logarithmF of frequencyf

F =
2FU −(Fmax+Fmin)

Fmax−Fmin
(1)

where FU = log(f ), Fmax = log(fmax), Fmin = log(fmin).
This log-log spectrum is expanded into Legendre polynomi-
als

σ(F ) ' σN (F ) =

N∑
n=0

LnPn(F ) (2)

HerePn is the n-th normalized Legendre polynomial (Korn
and Korn, 1968)

Pn(x) =

√
2n+1

2
Pn(x), Pn(x) =

1

2nn!

dn

dxn

(
x2

−1
)n

(3)

(P0 = 1, P1 = x, P2 =
3
2x2

−
1
2, P3 =

5
2x3

−
3
2x, ...) andLn is

an expansion coefficient. The coefficientL0 is proportional
to the averaged over spectral domain logarithm of the spec-
tral power,L0 =

√
2σ .

A straight line in the log-log presentation corresponds to
a power-law dependence of power spectral density on fre-
quencyS(f ) ∝ f −α (colored noise). The coefficientL1 is
proportional to the spectral slope indexα

L1 = −k1α, k1 =
(Fmax−Fmin)

√
6

(4)

The spectral slope indexα together with the spectral power
L0 give information that is sufficient for rough estimates of
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typical Pi3 spectra. In order to keep the same units as in our
previous paper (Yagova et al., 2007), instead of the coeffi-
cientsL0 andL1 we use further the parameterσ0 equal to
the value of the linear approximation of the log-log spectral
power at lowest boundary of the frequency interval, and the
spectral slopeα.

The next spectral moment,L2, characterizes a form of
power spectrum. A spectrum with a maximum (minimum)
in the center of the frequency band corresponds to negative
(positive)L2 values, respectively. The central frequency

fc =
√

fminfmax, (5)

determined fromfc = log(fc) = (Fmin+Fmax)/2, and for the
frequency interval analyzed (1< f < 4 mHz) fc = 2 mHz.
Further we use the parameterQ = −L2 to get a natural pre-
sentation with positive values for a narrowband (high Q-
factor) signal. Hence,Q > 0 corresponds to a spectrum with
a maximum at the central frequency, while a spectra with
maxima at the ends of the frequency band correspond to neg-
ative Q. Absolute values ofQ indicates deviation of the
log-log spectrum from straight line (colored noise), for the
colored-noise spectrumQ = 0.

Higher coefficientsLn (n > 2) correspond to a spectrum
with several maxima. Even coefficients describe symmet-
ric modes with the number of spectral minima/maxima for
positive/negative values equal ton/2, and odd coefficients
describe antisymmetric spectral distributions.

An illustration of this technique is given in Fig. 2, which
shows the dependence of the logarithm of the spectral power
σ(F ) on the normalized logarithm of the frequency (black
solid line) and its approximations (Eq.2). In this example the
functionσ2 with two non-zero coefficients is sufficient for a
rough estimate, andσ4 gives a rather accurate approximation,
which is not improved significantly when higher-order terms
are included.

The behavior of pulsations’ spectral parameters may be
different at different timescales. Diurnal variations and lati-
tude distribution of the spectral power are known to vary es-
sentially from day to day in dependence on season (Ballatore
et al., 1998) and solar wind parameters (Engebretson et al.,
1998). However, the8-MLT distributions of spectral power
at timescales of about several months demonstrate some fea-
tures, common for different time intervals. In order to study
the8-MLT dependencies of various spectral parameters, the
whole region of observations has been divided into several
latitudinal zones, and the two-year observational period has
been divided into four half-year sub-intervals. The bound-
aries of these latitudinal zones and the station coordinates,
sorted over CGM latitude, are given in Table 1. The spectral
parameters are calculated for each half-year time interval and
for each value of8 and MLT. ULF spectral parameters for
different sub-intervals and sites with close CGM latitudes are
compared to estimate qualitatively the reproducibility of the
pulsation “portrait”.
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Fig. 2. An example ofσ(F ) dependence and its approximation
σN (F ) with Eq. (2). The experimental curve is shown with a solid
black line, and the fitting curves are given with dashed lines. The
approximation orders are given with at the legend.

Diurnal variations of each coefficientLn in Eq. (2) can be
approximated by harmonic functions as follows

Ln =

K∑
k=0

Cnk cos

(
2π

T
kt

)
+

K∑
k=1

Snk sin

(
2π

T
kt

)
(6)

HereCn0 is the daily averaged value ofLn, andT = 24 h.
CoefficientsCn1 and Sn1 describe the first harmonic with
one daily maximum. The positive (negative) first cosine har-
monicCn1 at zeroSn1 corresponds to a midnight (noon) max-
imum. If the first sine harmonicSn1 6= 0 andCn1 = 0 the
maximum is located at the dawn-dusk meridian (06-18 UT),
and a morning maximum corresponds toSn1 > 0. The pa-
rameterK in Eq. (6) is the number of Fourier coefficients
sufficient for the description of diurnal variation. It will be
shown in the next section that for all the spectral momentsLn

the averaged diurnal variation is rather accurately described
by Eq. (6) with K = 2.

In the description of the spatial distribution of ULF spec-
tral parameters the relative position with respect to auroral
boundaries is important. Although both the spatial distri-
bution and boundaries vary with time, the average picture
is relatively stable and corresponds to a quiet or moderately
disturbed magnetosphere. All the results have been calcu-
lated twice: for the total period of observations and for days
with low and moderate activity (days of magnetic storms
with Dst< −100 nT and 7 days after, i.e. the storm recovery
phase, are excluded). The results have been almost identical,
so only the results averaged over the entire observational pe-
riod are shown further. The negligible contribution of storm-
time intervals to the general pattern is due to a small number
of storms during the analyzed period. However, storm-time
ULF spatial and MLT distributions may differ dramatically
from those during quiet times and from one storm to another
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Fig. 3. Diurnal variations of the logarithm of the spectral powerσ , averaged over CGM latitude8, and their approximations according to
Eq. (6) atK = 2. Observed values are given with markers, and lines show the results of approximation. Boundaries of zones and number of
stations are given at the legend.

(Kleimenova and Kozyreva, 2005; Lee et al., 2007; Pilipenko
et al., 2010).

3 Results of the analysis: spatial distribution of Pi3
spectral parameters

3.1 Spectral power

The diurnal variations of ULF spectral power at latitudinally-
averaged zones, given in Table 1, are shown in Fig. 3 for
P-component (left) and N-component (right). The values of
σ for each MLT interval are given with markers and its ap-
proximation by the Fourier harmonics are shown with solid
lines. For all the latitudes the dependenceσ(t) is approxi-
mated with the Eq. (6) at K = 2, so the coefficients of the

approximation can be used for a compact presentation of the
spectral parameters.

The shape of diurnal variation changes systematically with
latitude from a typical auroral type with one maximum near
MLT midnight (upper panel) to the cusp-like type with a
near-noon maximum (3-rd panel). Between those latitudes
a transitional type with several maxima (2-nd panel) is ob-
served. Diurnal variations of polarized and non-polarized
components are approximately similar, but for all latitudes
the spectral power of the P-component is several times higher
than that of the N-component. The P/N ratio is maximal at
the lowest and the highest latitudes, i.e. below the equatorial
boundary of the auroral oval and deep in the polar cap, while
near the center of the auroral zone and the nominal cusp posi-
tion the randomly polarized power becomes comparable with
the elliptically polarized power.
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For the stations located deep in the polar caps, the differ-
ence in diurnal variations becomes significant even at small
geographical separations. Therefore, at the bottom panel of
Fig. 3 individual patterns are given for three polar cap sta-
tions NRD (8 = 81◦), THL (85.4◦), and ALE (87◦). While
the diurnal variation at THL is still a cusp-like one with a
single maximum near noon, at the polarmost station ALE
the diurnal variation almost vanishes. This result agrees with
observations in the Southern Hemisphere along the 80◦ mag-
netic meridian showing that the spectral power is not con-
trolled totally by8 and MLT, but depends significantly also
on longitudeYagova et al.(2004). At the station in the North-
ern Hemisphere with nearly the same CGM latitude, NRD
(8 = 81◦, λ = 106◦), the maximum of Pi3 spectral power
is shifted to afternoon hours. A similar picture was found
by Yagova et al.(2004) in the Southern Hemisphere at SBA
(8 = −80◦, λ = 327◦), located at nearly the same geographic

latitude as NRD, but in the opposite MLT sector. For both
NRD and SBA the difference between the solar (LT) and
magnetic (MLT) local times is about 4–5 h. The LT-MLT
difference at the polarmost station ALE is 6.5 h and there a
wide evening maximum of spectral power is also seen in P-
component. For all other high-latitude stations in the North-
ern Hemisphere the LT-MLT difference does not exceed 1.5 h
and the diurnal variation of spectral power demonstrate only
a near-noon maximum. We exclude the station NRD from the
further analysis, because for it the difference between mag-
netic and local time is big and the results, obtained from NRD
data cannot be correctly extrapolated for all the8 = 80◦ lati-
tude zone. Contrary, data from ALE is included, because it is
located very near the CGM North pole, the circle8 = 87◦ is
small, and for any point there the MLT-LT difference is high.
Hence, the diurnal variation at ALE is representative for all
the locations at the same8.
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The consistency of diurnal variations has been checked by
dividing the whole two-year interval into sub-intervals. The
coefficients of the Fourier expansion (Eq.6) for four half-
year intervals (markers) and the whole period of observa-
tions (solid lines) are given in Fig. 4. The zero coefficient
C00 (daily averaged value ofσ ) is reproduced well for both
components in all latitudinal zones. It is substantially higher
for the P-component than for the N-component except in the
zone of high local ULF activity near8 = 78◦. Here the daily
averaged non-polarized power is even higher than the polar-
ized power. The maximum ofσ deep in the polar cap is seen
only in the P-component.

The first cosine harmonic,C01, also demonstrates a high
reproducibility for all the half-year intervals and a qualita-
tively similar latitude dependence for both components. The
switch from positive to negative values ofC01 at8 ≈ 73◦ in-
dicates the transition from an auroral-like to a cusp-like type
of diurnal variation. The coefficientS01 is small in compar-
ison with C01, which means that the daily main maximum
is located near the noon-midnight line. The reproducibility
of S01 is also high, except in the 82◦ < 8 < 85◦ zone for
the P-component (third left-hand panel). The absolute val-
ues of the coefficients corresponding to the half-day harmon-
ics are smaller than elder coefficients and the reproducibil-
ity is worse. However, the zones of positive/negative values
of the coefficients for both components can be seen from
the bottom panels of Fig. 4. The coefficientC02 ≥ 0 for
the N-component at all latitudes, indicating an occurrence
of morning maximum, while for the P-component there are
two regions with an evening maximum (C02 < 0) at auroral
(8 = 73◦) and polar (8 = 87◦) latitudes. The sign ofS02
is opposite for the P and the N component at8 < 70◦. At
higher latitudes the latitude dependence of theS02 coefficient
is similar for both components, changing from negative to
positive deep in the polar cap.

Summarizing, we can say that the average diurnal varia-
tion of long-period ULF spectral power at all the stations in-
cluses into the analysis can be compactly presented with five
parameters only (the daily average value and two harmonics
with corresponding amplitude and phase). In the next para-
graphs the same technique will be applied to higher spectral
moments.

Figure 5 shows the 2-D distribution of the average loga-
rithm of the spectral power in8-MLT coordinates for both
P and N components. Boundaries of the auroral oval in the
Figs. 5, 7, and 9 are calculated with the OVATION technique
(sd-www.jhuapl.edu/Aurora/ovation/) and averaged over the
whole two-year period of observations. The following struc-
tures are clearly seen in both P and N components:

– the nighttime maximum at 67◦ < 8< 70◦;

– the morning maximum at 73◦ < 8< 75◦ (the red arc be-
tween 06:00 and 12:00 MLT in the left-hand panel and
the yellow arc in the right-hand panel);

– the deep nighttime minimum at 82< 8< 85◦.

Contrary, the near-noon enhancement at 77◦ < 8 < 80◦ is
mostly evident in the N-component and the near-polar maxi-
mum ofσ is seen in the P-component only.

Hence, a polarized signal dominates almost everywhere,
but the contribution of a randomly polarized signal becomes
significant in the auroral oval and dayside polar cusp. The8-
MLT maps with polarized/non-polarized power distributions
can be used as an additional tool for search of ULF discrim-
inators of the ionospheric projection of the magnetospheric
domains.

3.2 Spectral slope

Similarly to the spectral power, the spectral slopeα demon-
strates a regular diurnal variation with one or two daily

www.ann-geophys.net/28/1761/2010/ Ann. Geophys., 28, 1761–1775, 2010

sd-www.jhuapl.edu/Aurora/ovation/


1770 N. V. Yagova et al.: High latitude ULF noise

−2
0
2
4

C
20(P

)

−4
−2

0
2

C
21(P

)

−2

0

2

S 21(P
)

−2

0

2

C
22(P

)

64 68 72 76 80 84 88
−2

0

2

Φ

S 22(P
)

−2
0
2
4

C
20(N

)

−4
−2

0
2

C
21(N

)

−2

0

2

S 21(N
)

 

 

All
97−1
97−2
98−1
98−2

−2

0

2
C

22(N
)

64 68 72 76 80 84 88
−2

0

2

Φ

S 22(N
)
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format as in Fig. 4.

maxima at all latitudes. This dependence can also be ap-
proximated with good accuracy with a Fourier approxima-
tion (Eq. 6) at K = 2. The latitude dependencies for zone-
averaged Fourier coefficients are given in Fig. 6. The daily
averaged spectral slopes for both components (upper panels)
are well reproduced for all the time sub-intervals. The lati-
tudinal variations of these slopes are very similar for both P
and N components.

Only near the geomagnetic pole, higher values of the spec-
tral slope are seen for the P-component. Thus, the polar max-
imum of the polarized signal (Figs. 4, 5) is mostly due to the
ULF activity at the lowest frequencies of the interval ana-
lyzed (f ≈ 1 mHz).

The non-zero Fourier coefficients describing harmonics
of the spectral slope diurnal variation have a good repro-
ducibility in time and display a clear difference between two
components. For the P-component at8 < 68◦ C

(P)
11 > 0 and

S
(P)
11 ' 0, indicating an occurrence of a nighttime maximum.

At higher latitudes (68◦ < 8 < 75◦) a negative sine har-
monic occurs, therefore the maximum of the spectral slope

shifts to the dusk sector. Near the nominal cusp latitude
(77◦ < 8 < 80◦) C

(P)
11 < 0 whereasS(P)

11 ' 0, therefore the
spectral slope has a near-noon maximum. At polar cap lati-
tudes all the coefficients go to zero and the diurnal variation
vanishes. For the N-component the first cosine harmonic is
nonnegative at all latitudes, i.e. a night-time maximum dom-
inates. The difference between two components is maxi-
mal for the half-day harmonic coefficientsC12 and S12 at
8 < 75◦: a non-negligible half-day harmonic exists at these
latitudes only for the P-component.

2-D distributions of spectral slopes for both components
are shown in Fig. 7. For both components a daytime min-
imum of α exists at 69◦ < 8 < 72◦, but for the polarized
signal it is concentrated at pre-noon and morning hours,
whereas for the non-polarized component it covers a wider
range of MLT from dawn to dusk. The morning minimum
of α(P) is located near the well-known region of morning
Pc5 activity. However, not only classical Pc5 pulsations con-
tribute to this effect, but also broadband disturbances at the
same frequencies, as evident fromα(N) distribution. A zone
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of high spectral slopes of the P-component exists at 73◦ <

8 < 76◦. It has two maxima, at evening and pre-morning
hours, centered near the line 04:00–16:00 MLT. These max-
ima for the majority of time intervals are inside the auroral
oval, and closer to its poleward boundary. At 77◦ < 8< 80◦,
i.e. at nominal cusp latitudes, a daytime maximum ofα can
be seen. Finally,α(P) has a maximum deep in the polar cap,
in the region co-located with the polar maximum of spectral
P-power (Fig. 5).

Summarizing the above results, we should highlight the
high reproducibility of the spectral slope distribution. In gen-
eral, α grows with latitude and becomes higher during the
nighttime. In addition, several zones of maximal and mini-
mal α exist at specific8 and MLT. These zone are narrow
in latitude (2−3◦) and wide in MLT (up to 12–16 h). The
distribution of spectral slopes only partly coincides with the
distribution of spectral power.

3.3 Higher spectral moments

The parameterQ, proportional to the third coefficient of the
expansion (2) describes deviation of the spectrum from the
color-noise and high positiveQ correspond to narrow-band
signal at the central frequencyfc determined with Eq. (5).
Similar to the spectral amplitude and slope, the average diur-
nal variations ofQ have one or two daily maxima and can be
well approximated with the Eq. (6) atK = 2.

The latitude dependencies of the Fourier coefficients are
given in Fig. 8 in the same format as Figs. 4 and 6. The
main features of the latitude dependenceC20(8) are well
reproduced for both components; only the behavior ofC20
at auroral latitudes for one half-year interval (1997-1) dif-
fers from the other three sub-intervals. Daily averaged val-
ues of Q (∝ C20, upper panels) are maximal at latitudes
72◦ < 8 < 73◦. At higher latitudes,8 > 77◦, C

(P)
20 decreases

rapidly, whereas the latitude decrease ofC
(N)
20 is slower. The

first cosine harmonic coefficientC21 for both components is

negative in the center of the auroral zone and is almost zero
beyond it. Absolute values of the coefficientS21 are smaller,
but their reproducibility is still good for both components al-
most at all latitudes. For the half day harmonic at low latitude
segment of the profile (8 < 72◦) we find C

(P)
22 < 0< C

(N)
22 .

This corresponds to dominance of the flank narrowband ac-
tivity for polarized disturbances, and noon-midnight activ-
ity for non-polarized ones. A zone of positiveC22 exists at
8 ≈ 76◦ for both components, and at higher latitudes the sec-
ond cosine harmonic tends to zero for both components, i.e.
narrowband flank activity disappears. Zone of non-negligible
positiveS22, centered at8 ≈ 71◦ exists in both components.
Taking into account that near its maximum|C22| � |S22|,
in this zone the maximum of narrowband activity should be
centered at the line 03:00–15:00 MLT. NegativeS22 exists at
8 ≈ 84◦, i.e. deep in the polar cap in the P-component, again
at nearly zeroC22. This indicates the occurrence of a signal
with the spectra essentially different from color noise near
the line 09:00–21:00 MLT.

2-D distributions ofQ in 8-MLT coordinates are shown
in Fig. 9. The main structures, seen in both components, are
the following:

– the dusk zone of moderate positiveQ at latitudes below
70◦;

– the post-noon maximum at 72◦ < 8< 75◦;

– two deep minima withQ < 0 at afternoon and post-
midnight hours in the polar cap (82< 8< 85◦).

The difference between two components can be seen both in
the magnitudes and qualitative behavior ofQ. Its maximal
valueQmax≈ 7 for the P-component andQmax≈ 5 for the N-
component. This means that spectra of elliptically polarized
signals are more narrow-band in comparison with randomly
polarized signals. The daytime (MLT≈ 14) maximum ofQ
at 72◦ < 8 < 75◦ is higher for the P-component, but while
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Q(P) decreases monotonously with the azimuthal distance,
Q(N) has an additional pre-dawn maximum. The distribu-
tions ofQ at latitudes8 < 80◦ are similar for both compo-
nents, while at higher latitudes the patterns do not coincide
even qualitatively. A zone of essentially negativeQ(N) ex-
ists deep in the polar cap, whileQ(P) values are moderately
positive there.

Hence, the second spectral momentQ also shows rela-
tively stable structures in8-MLT coordinates. Some of them
coincide with the known maxima of ULF activity, as morn-
ing and evening auroral Pc5 maxima, but others merit further
study.

3.4 Accuracy of the approximation at different
timescales

We analyze quantitatively the background properties of
Pc5/Pi3 pulsations at timescales from six months to two
years approximating the pulsations’ power spectrum (in log-
log scale) with few first Legendre polynomials. The question
arises about the accuracy of this approximation at different
timescales and orders of the approximation. We denote as
σ(F,τ) the logarithm of spectral powerσ(F ), averaged over
time intervalτ , and asσN (F,τ ) its N-th order approximation
with Eq. (2). Here, to study diurnal variation of pulsations’
spectra, we useτ in days, taking all the spectra for the same
MLT intervals. The dispersion of this approximation is

S2
N (τ ) =

〈
(σ (F,τ)−σN (F,τ ))2

〉
, (7)

where< ... > means the averaging over normalized loga-
rithm of frequencyF . An example of the dependence of vari-
anceSN on the averaging timeτ for three values ofN at one

station and MLT interval is given in Fig. 10. The approxima-
tion at N = 2 has accuracy better than 20% atτ > 20 days
and it decreases to 10% forN = 6 (note that we use natu-
ral logarithm of spectral power and the absolute values of
S correspond to relative error of the approximation of the
spectral power atS � 1). 2-D distribution of the variance
S2 in 8-MLT coordinates is given in Fig. 11. It is calcu-
lated for seven stations located nearly along 110 magnetic
meridian atτ = 180 days for P-component. The variance for
N-component (not shown) is lower for all the latitudes and
local times. The dependence of variance on the order of ap-
proximation is similar at all latitudes and local times to that
shown in Fig. 10, and usingN = 4 leads to almost twofold
decrease of the variance. Thus for the major part of8-MLT
area the error of the approximation (2) at N = 2 is less or
about 10%, and even maximal 25% error in Fig. 11 is small
in comparison with the magnitudes of all the structures, seen
in Figs. 5, 7 and 9. This means that the approximation (2) at
N = 2 is valid for the statistical estimates at timescale from
several months to several years.

4 Discussion and conclusions

The newly introduced spectral moments, i.e. the spectral
power, spectral slopeα, and parameterQ, to characterize
the ULF noise demonstrate a systematic dependence on ge-
omagnetic latitude and MLT. This gives the possibility of a
quantitative description of the main features of ULF activ-
ity at high latitudes with a very limited number of parame-
ters. For example, 15 coefficients (3 spectral×5 temporal)
are sufficient for a rough description of diurnal variations of
the ULF spectrum at any given latitude.

The spatial distributions and diurnal variations of spec-
tral moments are not identical for elliptically (P-component)
and randomly (N-component) polarized signals, and differ-
ent types of ULF activity can be revealed better in one or
another component. For example, the polar cap maximum
of spectral power and spectral slope is seen only in the P-
component. In general, elliptically polarized signals dom-
inate almost everywhere, while randomly polarized signals
contribute most significantly to the total ULF power in the
auroral oval and dayside polar cusp.

Rather surprisingly, the reproducibility of the8-MLT dis-
tribution of the spectral slopeα for different stations at close
geomagnetic latitudes and different longitudes is even better
than for the distribution of spectral power. Some zones of ex-
tremeα coincide with 2-D structures in spectral power and
with expected projections of magnetospheric boundary lay-
ers. On the other hand, several zones of extreme values of
α have been found which could not be associated with any
specific magnetospheric domain. The high reproducibility of
positions of red and blue spots inα maps (Fig. 8) should be
further examined to find the responsible physical reasons.
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The approximation of the spectrum with Eq. (2) at N = 2
is accurate enough for statistical analysis. The reproducibil-
ity of the second-order spectral momentQ for different time
intervals and the existence of stable structures in its8-MLT
distribution shows that quantitative empirical modeling of
high latitude ULF “noise” is feasible, at least in the Pc5/Pi3
frequency range.

We now formulate some approaches to the interpretation
of the observed patterns. Elliptically polarized pulsations
are generated by a source with large spatial scale, while ran-
domly polarized signals could be the result of the superpo-
sition of local sources with random phases. The spectral
power distribution of two components (Fig. 5) shows indeed
that power of the N-component becomes noticeable in zones
of high local ULF activity, such as the center of the auroral
zone and the nominal cusp position. As expected, spectra
of the N-component are more broadband than P-component
spectra, as can be seen from the comparison of theQ param-
eter for the two components (Fig. 9). However, there are
regions with opposite relation of polarization and spectral
shape, whereQ(N) > Q(P), which can be explained by the
existence of multiple local sources with band-limited spec-
tra, but independent phases.

The 2-D distribution of the spectral slope in8-MLT co-
ordinates reveals the systematic growth ofα with magnetic
latitude and from day to night hours. Thus, the spectral slope
increases with the increase of the expected Alfvén period.
This regularity in theα(8) behavior evidences the contribu-
tion of the Alfvén field line resonance into broadband ULF
disturbances (see the most complete theory of field line reso-
nance in the bookAlperovich and Fedorov(2007)). The fun-

damental frequencies of Alfvén field line resonance at the
periphery of the Earth’s magnetosphere,∼ 1 mHz, fall into
the frequency range considered in the present study.

Despite a very low quality of high latitude oscillations,
ULF noise is controlled considerably by the same factors as
regular Pc5 pulsations. The low quality of high-latitude ULF
pulsations is not necessarily caused by dissipation, it can be
the result of fluctuations of the system parameters (Coult et
al., 2007). In addition to the regular growth ofα with ex-
pected Alfv́en period, the 2-D distribution of the spectral
slope reveals some anomalous zones with extreme values of
α, e.g. near-noon region at8 ≈ 80◦, i.e. in the proximity of
the nominal cusp.

A possible correspondence of the spatial distribution of
Pc5/Pi3 power with the magnetospheric field aligned cur-
rents was found inPotemra(1995) and Martines-Bedenko
et al. (2003), but no statistical analysis of such correspon-
dence has been made yet. Although this paper is not es-
pecially aimed at this problem, it follows from the above
consideration (see Figs. 5, 7, 9) that the distribution of any
spectral parameter does not match the ionospheric projec-
tion of the known current systems (Iijima and Potemra, 1976;
Friis-Christensen et al., 1985). Moreover, the dependence of
the spatial distribution of the ULF spectra on frequency and
polarization (which follows from the non-monotonic distri-
bution of α and Q) evidences that the spatial patterns are
formed due to wave processes, but not just fluctuations of the
global current systems.

The spatially-correlated day-to-day variations of Pi3 spec-
tral power at high latitudes were explained by their depen-
dence on extra-magnetospheric parameters (Yagova et al.,
2007). A preliminary analysis of the inter-relations be-
tween the same group of extra-magnetospheric parameters
and spectral slope revealed no dependence between them
(Yagova et al., 2008). We suppose that the variations of
spectral slope and higher spectral parameters are controlled
mostly by the intra-magnetospheric factors and is a manifes-
tation of an active response of the Earth’s magnetosphere to
the external forcing.
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