ANNALS OF GEOPHYSICS, 58, 5, 2015, G0549; doi:10.4401/ag-6801

On polar daily geomagnetic variation

Paola De Michelis"", Giuseppe Consolini?

! Istituto Nazionale di Geofisica e Vulcanologia, Rome, Italy

2 INAF - Istituto di Astrofisica e Planetologia Spaziali, Rome, Italy

Article history
Received May 27, 2015; accepted October 5, 2015.
Subject classification:

Daily geomagnetic variation, Sun-Earth interaction, Natural orthogonal component analysis.

ABSTRACT

The aim of this work is to investigate the nature of the daily magnetic
field perturbations produced by ionospheric and magnetospheric currents
at high latitudes. We analyse the hourly means of the X and Y geomag-
netic field components recorded by a meridian chain of permanent geo-
magnetic observatories in the polar region of the Northern Hemisphere
during a period of four years (1995-1998) around the solar minimum. We
apply a mathematical method, known as natural orthogonal component
(NOC), which is capable of characterizing the dominant modes of the
geomagnetic field daily variability through a set of empirical orthogonal
functions (EOFs). Using the first two modes we reconstruct a two-di-
mensional equivalent current representation of the ionospheric electric
currents, which contribute substantially to the geomagnetic daily varia-
tions. The obtained current structures resemble the equivalent current pat-
terns of DP2 and DP1. We characterize these currents by studying their
evolution with the geomagnetic activity level and by analysing their de-
pendence on the interplanetary magnetic field. The obtained results sup-
port the idea of a coexistence of two main processes during all analysed
period although one of them, the directly driven process, represents the

dominant component of the geomagnetic daily variation.

1. Introduction

The geomagnetic field, as observed at the Earth’s
surface, changes continuously with time. Changes of
very short duration (from seconds to days) are the mag-
netic manifestation of an increased level of the solar
wind-magnetosphere interaction, which is responsible
for the enhancement of the intensity of electric current
systems circulating in the magnetosphere and iono-
sphere. These electric current systems involve the gen-
eration of additional magnetic fields, which are recorded
on the ground as variations superimposed on the main
field. One of the most important purposes of the geo-
magnetism is to examine the configuration of these
electric current systems and to elucidate their driving
processes in terms of the solar wind-magnetosphere in-
teraction.

Among the possible short-term geomagnetic vari-
ations the smoothed and most regular one is that ob-
served on magnetically quiet days, which is known as
solar quiet daily geomagnetic field variation (S g ) At
low and mid-latitudes this variation mainly arises from
the ionospheric current system flowing in the so-called
dynamo region. This current system can be well ap-
proximated by a 2-D current flowing in the ionospheric
E-region between 90 and 130 km and consists of two
large current vortices circulating about foci at £30° ge-
omagnetic latitude. Viewed from the Sun, circulation
is counterclockwise in the Northern Hemisphere and
clockwise in the Southern Hemisphere. The §, current
is dominant in the daytime ionosphere where ionos-
pheric conductivity is relatively large, and it is driven by
electric fields originating from the ionospheric dynamo
via the interaction between ionized and neutral parti-
cles. This regular variation depends on the local time,
latitude, season and solar cycle [Campbell 1989, Rich-
mond 1995, Olsen 1997]. In contrast, at high latitudes,
a particular type of daily geomagnetic variation exists
which differs from what one would expect from the dy-
namo theory of daily geomagnetic variation. Accord-
ing to Nagata and Kokubun [1962], Kawasaki and
Akasofu [1967] and Feldestein and Zaitzev [1967], the
geomagnetic daily variation field in the polar caps on
geomagnetically quiet days consists not only of the well
established S° field, which is a smooth extrapolation to
the polar region of S, defined at mid and low latitudes,
but also of an additional field, the Sg field. It is mainly
generated by a current system limited to latitudes above
60° and consists of two current vortices confined to the
polar caps, with their foci located near the dawn and dusk
meridians. The pattern of this current system is par-
tially modified by the processes that happen in the mag-
netosphere and by its interaction with the interplanetary
magnetic field (IMF). Indeed, the currents flowing in
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and near the polar cusps and in the dayside polar caps
are coupled, through the field-aligned currents, with
the magnetospheric currents. It is for this reason that
the Sg current system is strongly enhanced and modi-
fied during geomagnetic disturbances and auroral sub-
storms when the effects of non-vanishing transverse IMF
components are superimposed on the quiet time con-
figuration of the current system. However, the exis-
tence of a twin vortex system above 70° of latitude for
all orientations of the IMF, indicates that some elements
of the current pattern may be independent of the IMF
[Friis-Christensen et al. 1985]. This current system por-
tion is the real quiet part of the polar equivalent cur-
rent system. However, quiet days are quite rare events
in the polar regions because the geomagnetic field is
disturbed at high latitudes by the continuous transfer
of energy from the solar wind to the magnetosphere,
which occurs even during quiet conditions.

We emphasize that it is not simple to extrapolate
the geomagnetic solar quiet daily variation from the
daily record of geomagnetic variations because other
current systems produced by different sources, exter-
nal as well as internal to the Earth, are responsible for
the creation of magnetic fields that overlap each other.
Indeed, ground magnetometers are capable of detect-
ing fields due to distant magnetospheric sources such
as the magnetotail current, the partial ring current, the
substorm current wedge and the dayside current wedge
and their contributions can be not entirely negligible.
To sort out these single contributions can be extremely
difficult but the knowledge of the different sources,
which contribute to the daily variation of the geomag-
netic field, can be the key to investigate the solar wind-
magnetosphere-ionosphere coupling from a different
point of view.

Xu and Kamide [2004] and Chen et al. [2007] ap-
plied the natural orthogonal component (NOC) analy-
sis to separate and recognize the different contributions
of the ionospheric-magnetospheric current systems to
the daily changes of the geomagnetic field as recorded

at mid-latitude ground-based geomagnetic observato-
ries. Successively, De Michelis et al. [2009] extended
these works at high latitudes by analysing the hourly
values of the three magnetic field components (X, Y
and Z) recorded at the Italian geomagnetic observatory
TNB located in Antarctica during a period of 4 years
(1995-1998).

Here, using magnetic field data coming from a
meridian chain of permanent geomagnetic observato-
ries in the Northern Hemisphere, we identify the dif-
ferent sources that contribute to the daily variation of
the Earth’s magnetic field at high latitude by applying
the NOC analysis. The aim is to reconstruct the spatial
distribution of those current systems, which are mainly
responsible for the geomagnetic daily variation at high
latitude and to analyse their changes with the geomag-
netic activity level and the interplanetary magnetic field
conditions.

The paper is organized as follows. At first, the data
sources are discussed then a brief summary of NOC
analysis is presented. Following this, the NOC analysis
is applied on the selected geomagnetic time series. Fi-
nally, the implications of findings are discussed.

2. Data

To study the geomagnetic field variation in the polar
region of the Northern Hemisphere we use the hourly
mean values of the X and Y components of the geo-
magnetic field recorded during four years (1995-1998) at
six permanent geomagnetic observatories characterized
by the same magnetic longitudinal position and latitu-
dinal values ranging from 62° to 83° N. We make use
of recordings only obtained by permanent observatories
fulfilling international standards. All these observato-
ries are part of the worldwide network of observato-
ries known as INTERMAGNET. The high data quality,
especially a good stability of instruments, guarantees
that our objective can be reached. The selected network
of geomagnetic observatories is reported in Table 1. It
provides the geographic and corrected geomagnetic co-

IAGA code Lat Long Mlat Mlong MLT L-shell
BLC 64.32 263.99 73.92 327.50 6.84 13.08
CBB 69.12 254.97 77.25 308.85 7.93 o
FCC 58.76 265.91 68.92 332.25 6.56 7.75
MEA 54.62 246.65 62.08 305.70 8.17 4.58
RES 74.69 265.12 83.51 319.07 7.30 0
YKC 62.48 245.52 69.50 300.48 8.49 8.18

Table 1. List of geomagnetic observatories selected in this work. Observatories are identified using their IAGA code. Geographyical and cor-
rected magnetic coordinates are given in degrees. MLT is given in UT (hours) at time when given point is at midnight. L-shell is given in
Earth’s radii R;.. The geomagnetic coordinates were calculated for 1996.0 using the routine available at http://modelweb.gsfc.nasa.gov.
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ordinates of the geomagnetic observatories together
with the magnetic local time (MLT) respect to universal
time (UT) that we have obtained using NASA service
http:/ / omniweb.gsfc.nasa.gov/vitmo/cgm_vitmo.html.

We use the X and Y components instead of H and
D components of the Earth’s magnetic field because of
the reconstruction of the equivalent current systems is
generally obtained from the X, Y and Z magnetic field
values. It is known that there is a considerable devia-
tion between the direction of the H component (mag-
netic North) and the X component (geographic North)
especially at the higher-latitudes observatories. At high
latitudes the magnetic perturbation in the geographic
North component depends almost equally on the mag-
netic perturbation along H and D and even the sign of
the magnetic perturbation along X can be opposite to
the sign of the perturbation along H. For this reason,
to compare our results with those obtained using dif-
ferent methods of analysis, it is important to use the
same reference system.

3. Method of analysis: natural orthogonal compo-
nent

To identify the different current systems, which
contribute to the observed geomagnetic variations on
the ground, we apply the NOC method, which permits
us to extract those structures that remain coherent
throughout a time series. In practice, a set of orthogo-
nal eigenvectors and eigenvalues is estimated from ob-
served data. By combining these eigenvectors the
observed variables can be written in terms of the small-
est possible set of natural orthogonal basis functions.
The core of this method is described in detail in Langel
[1987], and its application to geomagnetic data is widely
discussed in literature. Frynberg [1975], Pushkov et al.
[1976] and Rotanova et al. [1982], for example, used the
NOC analysis to separate the geomagnetic field into
longer- and shorter-wavelength components while
Golovkov et al. [1978], Xu et al. [1990] and De Michelis
et al. [2009, 2010] used it to separate magnetic varia-
tions into quiet and disturbed components at different
latitudinal values. At the end, the same method was ap-
plied by Sun et al. [1998, 2000] to separate the substorm
current system into directly driven and loading-un-
loading components and by Consolini et al. [2009] to
study the origin of the dynamical complexity in the
solar cycle.

Before describing the application of NOC analysis
to our data, we introduce this method briefly. We con-
sider a variable x(d,, t,) representing the value of a mag-
netic field component (X or Y) for a certain day d,, and
time t.. Given a number of samples of x(d,, t.) at differ-
ent days and times, the application of the NOC method

allows us to extract a smaller set of variables, lets say of
empirical orthogonal functions (EOFs) and principal
components (PCs), capable of describing the whole set
of observations. Therefore, we can decompose the daily
variation of any geomagnetic component in terms of a
basis of empirical orthogonal functions (EOFs) (ok(tj):

x(d, t) = YN, AKd)ONE) (1)

where the collection of values x(d,, tj) are the elements
X of the matrix X(mxn) whose rows correspond to the
days (i = 1, 2,..., m) and columns correspond to the time
(j=1,2,...,n), Nis the number of components chosen
for the decomposition (i.e. the truncation level), (pk(tj) is
the mode (EOF) of the k-th component describing the
daily variation (i.e. it is the basis used for the expan-
sion), Ak(di) is the principal component (PC) and repre-
sents the amplitude of k-th mode. To evaluate the
EOFs and the associated PCs from a dataset the error,
made in the representation of the observed data by
means of the expansion (1), has to be minimized. This
error depends on the truncation level N: the higher the
truncation level, the lower the error.

Since we are looking for a number of components
capable of describing completely the observed variable,
one additional assumption is that the EOFs (¢¥) are or-
thogonal and the PCs (A*) vary independently. This
leads to solve the well-known eigenvalue-eigenvector
problem that permits us to estimate the eigenvalues [,
together with the corresponding eigenvectors ¢* and
amplitudes Ak for k = 1,..., N (see for more details Xu
and Kamide [2004]). Once we obtain the EOFs (), the
PCs (A*) can be evaluated by simply projecting the data
along each EOFs.

It is consequently evident that the NOC method
supplies a different way to create the orthogonal func-
tion system. In this method the empirical orthogonal
functions are not artificially chosen in advance, but are
determined together with the principal components
using observed data. This method represents a radical
departure from all the classical methods and being the
expansion basis derived from the data it is a posteriori,
and highly efficient method. However, the obtained
basic functions reflect the characteristics of the analysed
data, and are closely related with their origin.

4. Results and discussion

As already mentioned in the previous section, we
use the hourly average variations of the X and Y mag-
netic field components recorded at the geomagnetic
observatories reported in Table 1 from January 1, 1995,
to December 31, 1998. This period is characterized by
a very low solar activity being the minimum level of
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solar activity between cycles 22 and 23 occurred in May
of 1996. For this reason the selected period may be a
good choice to reveal those patterns within the com-
plex geomagnetic variation, which are a basic charac-
teristic of the daily variation. We apply the NOC
analysis to all our selected observatories. Looking at
the spectra of the eigenvalues (which provide a meas-
ure of the root-mean-square values of the correspon-
ding PC) for the X and Y magnetic field components
recorded at the different observatories (data are not
shown), we notice that they are all characterized by a
rapid drop at small k (k < 5). Consequently, we assume
that most of the variability observed in the geomag-
netic field daily variation can be explained in terms of
a very small number of natural components, which are
sufficient to capture most of the properties of the ob-
served variable. The rest of the eigenvalues can either

take into account transient fluctuations and noise or
represent the contribution of stochastic processes. For
this reason, we consider only the first two natural com-
ponents, which dominate over the rest. As example of
our results we report the first two EOFs obtained by
analysing the X and Y components recorded at RES ge-
omagnetic observatory in Figure 1, while the associated
PCs in Figure 2.

Using the first EOFs associated with the X and Y
components of each observatory, we plot the horizon-
tal magnetic disturbance vectors in geomagnetic latitude
and MLT coordinates. The corresponding equivalent
current vector plot is constructed by rotating the hori-
zontal disturbance vectors clockwise by 90°. The ob-
tained equivalent current vector plot is shown in Figure
3 where the vector length gives us an estimation of the
current intensity. This current intensity is determined
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Figure 1. On the left: the first EOFs for X and Y magnetic field components. On the rigth: the second EOFs for X and Y magnetic field com-

ponents. The results are relative to RES geomagnetic observatory.
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Figure 2. On the left: the PCs corresponding to the EOFs reported on the left in Figure 1. On the rigth: the PCs corresponding to the EOFs

reported on the rigth in Figure 1.
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considering, for each observatory, the average values
of the amplitude (PC) associated with each EOF eval-
uated over all analysed period. On the top panel of Fig-
ure 3 we report the distribution of the equivalent
current vectors in the Northern Hemisphere obtained
by considering the first EOFs. On the bottom panel of
the same figure we report the distribution of the equiv-
alent current vectors obtained in the case of the sec-
ond EOFs.

The distribution of the equivalent current vectors
obtained considering the first EOFs (reported on the
top panel of Figure 3) shows clearly a two-cell convec-
tion pattern. These two cells are located in the 12-18
MLT sector and 21-03 MLT one, respectively. This re-
sult is well in agreement with the structure of the SI;
current system, which is formed by two vortices where
the current flows in opposite directions. The temporal
trends of the amplitudes associated with these EOFs
display a seasonal trend characterized by a maximum in
the boreal summer and a minimum in the winter. Fig-
ure 4 shows an example of this trend for the amplitude
of the current vector associated with the first EOFs in
the case of CBB geomagnetic observatory. This sea-
sonal trend is well in agreement with the characteristic
of the SZ field intensity, which shows a strong seasonal
variation. Anyhow, this average current pattern char-
acterized by a two-cell convection pattern is also simi-
lar to that obtained by Akasofu et al. [1983] and by Sun
et al. [1998] resembling the equivalent current pattern
of DP2, which enhances during the growth phase and
the expansion phase of substorms and decays during
the recovery one. The two current systems (Hall cur-
rent and DP2) are actually very similar to each other,
the only essential difference between them is that the
DP2 current system extends at lower latitudinal values
than the Hall current one.

To study the possible dependence of this current
system on the geomagnetic activity level, we repeat our
analysis considering two different datasets. We select
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Figure 3. Polar diagrams of equivalent current vectors in the North-
ern Hemisphere. Coordinates are magnetic latitude from 60° to the
North magnetic pole, and MLT. The equivalent current vectors are
calculated by means of the first EOFs on the top panel and the sec-
ond EOFs on the bottom panel. The three circles mark, from the
outermost one, the latitude of 60°, 70°, and 80° N, respectively.
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Figure 4. Temporal trend of the amplitude of the current vector associated with the first EOF in the case of CBB geomagnetic obser-

vatory.
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AE > 400 nT
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Figure 5. Polar diagrams of equivalent current vectors in the
Northern Hemisphere. Coordinates are magnetic latitude from 60°
to the North magnetic pole, and MLT. The equivalent current vec-
tors are calculated by means of the first EOFs on the top panel in
the case of a quiet period (AE < 60 nT) and a disturbed one (AE >
600 n'T) on the bottom panel. The three circles mark, from the out-
ermost one, the latitude of 60°, 70°, and 80°, respectively.

days characterized by both a low geomagnetic activity
level and a high one. To select the geomagnetic activity
level we consider the Auroral Electrojet (AE) geomag-
netic index. This index is obtained from a number (usu-
ally greater than 10) of stations distributed in local time
and in the latitude region that is typical of the North-
ern Hemisphere auroral zone [Davis and Sugiura 1966].
It is designed to provide a global, quantitative measure
of auroral zone magnetic activity produced by en-
hanced ionospheric currents flowing below and within
the auroral oval. As representative of a low geomag-
netic activity level we select the days characterized by

AE < 60 n'T while in the case of high activity level we
consider values of AE > 400 nT. The structure of the
equivalent current vectors obtained from the two dif-
ferent magnetic disturbance levels is very similar. It al-
ways shows a two-cell convection pattern. The only
difference between the two current structures (Figure
5) is a major expansion of the vortices towards lower
latitudinal values in the case of high geomagnetic ac-
tivity level. This behaviour is typical of the DP2 current
system which consists of two ionospheric current vor-
tices (within each hemisphere) that extend to mid-lati-
tude and their effects are observed outside of the polar
region during geomagnetically disturbed periods.

The distribution of the equivalent current vectors
obtained taking into account the second EOFs (re-
ported on the bottom panel of Figure 3) exhibits a
more complex structure than that obtained from the
first EOFs. We have: an anticlockwise vortex in the
morning sector, an antisunward component in the
polar cap and a westward electrojet around 70° of lat-
itude in the morning-midnight sector. This last current
system, which seems quite stable with the change of
geomagnetic activity level, recalls the DP1 current sys-
tem. The DP1 current system, which is linked to the
occurrence of geomagnetic substorms, consists essen-
tially of a strong auroral electrojet that rotates west-
ward and develops within a longitudinal band limited in
the midnight sector.

To characterize better the distribution obtained
by the equivalent current vectors, we analyze how the
current vector amplitudes depend on the interplane-
tary magnetic field. We consider the daily values of the
B, and B, component of the interplanetary magnetic
field (IMF) in the GSM system in the period between
1995 and 1998 and for each selected geomagnetic ob-
servatories we analyze how the current amplitude
module, obtained by considering separately the first
and the second EOFs evaluated over the whole se-
lected period, depends on the interplanetary magnetic
field. Figure 6 exhibits the obtained results in the case
of the first EOFs. For each selected geomagnetic ob-
servatories, we have reported the values of the current
amplitude module as a function of the B and B, val-
ues. They are three-dimensional plots where the
colour from white-pale pink to dark red-black de-
scribes the current intensity. Data reported in this fig-
ure show the current amplitude increases enormously
when B_ <0 regardless of the sign and the value of B, .
This result confirms the direct interaction of the cur-
rent system with the solar wind suggesting that the dis-
tribution of the equivalent current vectors obtained
considering the first EOFs describes the DP2 current
system. According to Clauer and Kamide [1985] the
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Figure 6. The amplitude module of the equivalent current vec-
tors calculated by means of the first mode as a function of the B

and B, values for each geomagnetic observatory considered in
this study.

Figure 7. The amplitude module of the equivalent current vec-
tors calculated by means of the second mode as a function of the

B, and B, values for each geomagnetic observatory considered in
this study (note the change in scale).
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fluctuations of the DP2 pattern show a high degree of
correlation with those of IMF north-south compo-
nent. This suggests that the DP2 pattern reflects the
convection driven by electric fields, which exist within
the magnetosphere as a result of the direct interaction
between the solar wind and magnetosphere.

Figure 7 displays the results obtained by applying
the same analysis to the second current system. The re-
sults achieved are slightly different from what is obtained
and displayed in Figure 6. The correlation between the
current amplitude and the interplanetary magnetic field
exists only outside the polar cap where the westward
auroral electrojet flows. This current is connected to the
asymmetric ring current through field-aligned currents
that flow downward near noon and upward in the
evening sector. This equivalent three dimensional current
system intensifies during substorms. This is the current
which depends on the B, magnetic field component.

5. Summary and conclusions

Since the magnetic data obtained at the Earth’s
surface include valuable information about a variety of
current sources flowing in the ionosphere, magnetos-
phere, at the magnetopause, and within the Earth’s in-
terior the ground magnetic perturbations can be used
to study magnetospheric and ionospheric dynamics. An
interesting problem to solve is the relationship between
the ionospheric currents and the magnetic fields gen-
erated by them and the estimation of the relative im-
portance of these currents in producing global or local
magnetic perturbation patterns. We have tried to over-
come this problem using the NOC analysis. By investi-
gating the nature of the geomagnetic daily variations
recorded at several geomagnetic observatories along
magnetic meridian in the North polar region, we have
found that the main contribution to the polar daily vari-
ation for X and Y magnetic field components comes from
two different current systems. One consists of two-cell
convection pattern, a clockwise cell in the evening sec-
tor and a counter-clockwise cell in the morning one,
the other is a westward electrojet around the midnight
sector between 65° and 70° latitude, an antisunward
current in the central polar cap, and a sunward current
at lower latitudes, both on the dawn and dusk sides.
Thus, the patterns of the first two natural components
resemble the equivalent current patterns of DP2 and
DP1, respectively. Since the magnetic data are known
to be representative of specific states of the magnetos-
phere controlled by the IMFE, we have also analysed the
dependence of intensity of these equivalent current
systems on the interplanetary magnetic field. We have
found that the DP1 variation, while showing a general
dependence on the southward interplanetary magnetic

field B, component, does not exhibit as strong one-to-
one correspondence as does DP2, suggesting that the
DP1 disturbance is modulated by internal magnetos-
pheric processes. These results have been obtained for
a period around a minimum of solar activity (the low-
est number of sunspot cycle 22 was officially recorded
in May 1996) and consequently it is reasonable to ex-
tend them also to the years characterized by a stronger
high solar activity level.

The obtained results are well in agreement with
those obtained by Sun et al. [1998], which used mag-
netic records collected during the International Mag-
netospheric Study (IMS) from a total of 71 stations
during March 17-19, 1978 with a time resolution of 5
min. By applying the method of natural orthogonal
component, they showed that the first natural compo-
nent and the second one were dominant and exhibited
the well-known characteristics of the directly driven
component and unloading component, respectively. Fur-
thermore, Sun et al. [19987’s analysis showed that the
directly driven component tended to dominate over the
unloading component, except for a brief period soon
after substorm onset. In our study we have considered
amuch longer period than that used by Sun et al. [1998]
(4 years instead of 3 days) and the obtained results con-
firm that the distribution of the equivalent current vec-
tors calculated by means of the first EOFs is a direct
consequence of the directly driven process where a por-
tion of the energy entering the magnetosphere is dissi-
pated within the magnetosphere-ionosphere system.
Differently, the distribution of the equivalent current vec-
tors calcualted by means of the second EOFs is a direct
consequence of the so-called loading-unloading process,
which involves the storage of the remaining energy
input in the magnetic field and plasma of the magne-
totail with the next deposition of the energy stored into
the auroral ionosphere and into the ring current. Con-
sequently; our results confirm that two different processes
(driven directly process and loading-unloading process)
coexist during all analysed period although one of these,
the directly driven process, is the dominant component
of the geomagnetic daily variation.

Acknowledgements. The results presented in this paper rely
on public data collected at magnetic observatories and available by
INTERMAGNET (www.intermagnet.org). We thank the national
institutes that support them and INTERMAGNET for promoting
high standards of magnetic observatory practice. The authors kindly
acknowledge N. Papitashvili and J. King at the National Space Sci-
ence Data Center of the Goddard Space Flight Center for the use
permission of 1-min OMNI data and the NASA CDAWeb team for
making these data available. This work is supported by Italian Na-
tional Program for Antarctic Research (PNRA) Research Project
2013/AC3.08. The elaborated data for this paper are available by
contacting the corresponding author (paola.demichelis@ingv.it).



ON POLAR DAILY GEOMAGNETIC VARIATION

References

Akasofu, S.-I., B.-H. Ahn and G.J. Romick (1983). A
study of the polar current systems using the IMS
meridian chains of magnetometers, Space Sci. Rev,,
36, 337.

Campbell, W. (1989). The regular geomagnetic field
variations during solar quiet conditions, Geomag-
netism, vol. 3, Elsevier, New York.

Chen, G.-X., et al. (2007). Statistical characteristics of
the day-to-day variability in the geomagnetic S,
field, J. Geophys. Res., 112, A06320; d0i:10.1029/
2006JA012059.

Clauer, C.R., and Y. Kamide (1985). DP1 and DP2 cur-
rent systems for the March 22, 1979 substorms, J.
Geophys. Res., 90, 1343.

Consolini, G., R. Tozzi and P. De Michelis (2009). Com-
plexity in the sunspot cycle, Astron. Astrophys., 506,
1381.

Davis, T.N., and M. Sugiura (1966). Auroral electrojet
activity index AE and its universal time variations, J.
Geophys. Res., 71 (3), 785.

De Michelis, P, R. Tozzi and A. Meloni (2009). On the
terms of geomagnetic daily variation in Antactica,
Annales Geophysicae, 27, 2483.

De Michelis, P, R. Tozzi and G. Consolini (2010). Prin-
cipal components’s features of mid-latitude geo-
magnetic daily variation, Annales Geophysicae, 28,
2213.

Feldestein, Y.I., and A.N. Zaitzev (1967). Magnetic field
variations at high latitudes on quiet days in summer
during the IYG, Geomagn. Aeron., 7, 160.

Friis-Christensen, E., Y. Kamide, A.D. Richmond and S.
Matsushita (1985). Interplanetary magnetic field
control of high-latitude electric field and currents
determined from Greenland magnetometer data, J.
Geophys. Res., 90, 1325.

Frynberg, E.B. (1975). Separation of the geomagnetic
field into a normal and anomalous part, Geomagn.
Aeron., 15, 117.

Golovkov, V.P,, N.E. Papitashvili, Y.S. Tyupkin and E.P.
Kharin (1978). Separation of geomagnetic field vari-
ations on the quiet and disturbed components by
the MNOC, Geomagn. Aeron., 18, 342.

Kawasaki, K., and S-I. Akasofu (1967). Polar solar daily
geomagnetic variations on exceptionally quiet days,
J. Geophys. Res., 72 (21), 5363.

Langel, R.A. (1987). The main field, In: J.A. Jacobs (ed.),
Geomagnetism, Academic, San Diego, Calif,, vol. 1,
249.

Nagata, T., and S. Kokubun (1962). A particular geo-
magnetic daily variation Sfl’ in the polar regions on
geomagnetically quiet days, Nature, 195, 555.

Olsen, N. (1997). Geomagnetic tides and related phe-

nomena, In: WH. Zuern and H.G. Wenzel (eds),
Tidal Phenomena, Springer, Berlin, 261 p.

Pushkov, A.N,, E.B. Frynberg, T.A. Chernova and M.V.
Fiskina (1976). Analysis of the spacetime structure
of the main geomagnetic field by expansion into
natural orthogonal components, Geomagn. Aeron.,
16, 196.

Richmond, A.D. (1995). Ionospheric electrodynamics,
In: H. Volland (ed.), Handbook of atomospheric
electrodynamics, CRC Press, Boca Raton, 249.

Rotanova, N.M., N.E. Papitashvili and A.N. Pushkov
(1982). Use of natural orthogonal components to
distinguish and analyse the 60-yr geomagnetic field
variations, Geomagn. Aeron., 22, 821.

Sun, W,, W.-Y. Xu and S.-I. Akasofu (1998). Mathemat-
ical separation of directly driven and unloading
components in the ionospheric equivalent currents
during substorms, J. Geophys. Res., 103, 1695.

Sun, W,, W--Y. Xu and S.-I. Akasofu (2000). An improved
method to deduce the unloading component for
magnetospheric substorms, J. Geophys. Res., 105,
13131.

Xu, W-Y,, M.-L. Zhang, Y.-E Lin and X.-P. Zeng (1990).
Analysis on structure of the variable geomagnetic
fields at middle and low latitudes, Chinese J. Geo-
phys., 33, 12.

Xu, W.-Y,, and Y. Kamide (2004). Decomposition of
daily geomagnetic variations by using method of
natural orthogonal component, J. Geophys. Res.,
109, A05218; doi:1029/2003JA010216.

Corresponding author: Paola De Michelis,
Istituto Nazionale di Geofisica e Vulcanologia, Rome, Italy;
email: paola.demichelis@ingv.it.

© 2015 by the Istituto Nazionale di Geofisica e Vulcanologia. All
rights reserved.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
    /AndaleMono
    /Apple-Chancery
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /CapitalsRegular
    /Charcoal
    /Chicago
    /ComicSansMS
    /ComicSansMS-Bold
    /Courier
    /Courier-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /GadgetRegular
    /Geneva
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Helvetica
    /Helvetica-Bold
    /HelveticaInserat-Roman
    /HoeflerText-Black
    /HoeflerText-BlackItalic
    /HoeflerText-Italic
    /HoeflerText-Ornaments
    /HoeflerText-Regular
    /Impact
    /Monaco
    /NewYork
    /Palatino-Bold
    /Palatino-BoldItalic
    /Palatino-Italic
    /Palatino-Roman
    /SandRegular
    /Skia-Regular
    /Symbol
    /TechnoRegular
    /TextileRegular
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.10000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.10000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.08250
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /NOR <>
    /SVE <>
    /KOR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
    /ITA <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.000 842.000]
>> setpagedevice


