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Abstract

The aim of this work is to study the properties of the magnetic field’s fluctuations produced by ionospheric and
magnetospheric electric currents during the St. Patrick’s Day geomagnetic storm (17 March 2015). We analyse the
scaling features of the external contribution to the horizontal geomagnetic field recorded simultaneously by the
three satellites of the Swarm constellation during a period of 13 days (13-25 March 2015). We examine the differ-
ent latitudinal structure of the geomagnetic field fluctuations and analyse the dynamical changes in the magnetic
field scaling features during the development of the geomagnetic storm. Analysis reveals consistent patterns in the
scaling properties of magnetic fluctuations and striking changes between the situation before the storm, during the
main phase and recovery phase. We discuss these dynamical changes in relation to those of the overall ionospheric
polar convection and potential structures as reconstructed using SuperDARN data. Our findings suggest that distinct
turbulent regimes characterised the mesoscale magnetic field's fluctuations and that some factors, which are known
to influence large-scale fluctuations, have also an influence on mesoscale fluctuations. The obtained results are an
example of the capability of geomagnetic field fluctuations data to provide new insights about ionospheric dynam-
ics and ionosphere—magnetosphere coupling. At the same time, these results could open doors for development of
new applications where the dynamical changes in the scaling features of the magnetic fluctuations are used as local
indicators of magnetospheric conditions.

Keywords: High-latitude phenomena, Solar wind—magnetosphere interactions, lonospheric turbulence,
Swarm magnetic measurements

Background

The Swarm mission (Olsen 2013) is set up to study the
Earth’s magnetic field and its temporal variations, as
well as a variety of near-Earth environmental param-
eters. This European Space Agency (ESA) mission con-
sists of three identical satellites making high-precision
and high-resolution measurements of the strength,
direction and variation of the geomagnetic field, com-
plemented by precise navigation, accelerometer, plasma
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and electric field measurements. The Swarm constel-
lation was launched on 22 November 2013, and after
about a year and half on orbit, it provided a first mag-
netic measurement of the strongest geomagnetic storm
of Solar Cycle 24. During this solar cycle, which began
roughly on January 2008 and was characterised by a
minimal activity until early 2010, there have been sev-
eral moderate geomagnetic storms. Among them, the
most severe geomagnetic storm occurred on St. Pat-
rick’s Day, 17 March 2015, with the arrival at Earth of
a coronal mass ejection (CME) at 04:45 UT. The Nasa
Advanced Composition Explorer (ACE) satellite,
located at L1 Lagrangian point between the Earth and
the Sun (about 1.5 million km forward of Earth along
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the Sun—Earth line), recorded changes in some impor-
tant physical quantities such as the interplanetary mag-
netic field (IMF) and solar-plasma parameters which
well describe both the arrival of the CME into the inter-
planetary medium and the interplanetary conditions
that made possible the subsequent arrival of the distur-
bance at Earth. The St. Patrick’s Day storm was charac-
terised by a minimum value of the geomagnetic index
Sym-H of —234 nT, realised on 17 March at 22:47 UT,
and it produced a worldwide disturbance quantified by
a value equal to 8 of the mid-latitude magnetic activ-
ity index Kp, which persisted for some hours during the
main phase of the geomagnetic storm. As it is typical for
a severe storm, during this event geomagnetic activity
was particularly intense at high latitudes and auroral
phenomena were observed even at surprisingly low lati-
tudes around the globe. As reported by Cherniak and
Zakharenkova (2015) and Nishitani et al. (2015) dur-
ing the 17 March 2015 storm, auroral phenomena were
observed even at very low magnetic latitudes in Europe,
Japan and the USA.

For this reason, the St. Patrick’s Day storm represents
a good case study to investigate the changes in the fea-
tures of the magnetic field fluctuations recorded by the
magnetometers onboard the three Swarm satellites and
produced by ionospheric and magnetospheric currents
activated during the storm. These magnetic fluctuations
as well as the fluctuations of other important physical
parameters describing the magnetosphere—ionosphere
system are expected to be characterised by a probability
distribution or a power spectrum with no characteristic
scale. This scale-free structure has been found analys-
ing both the spectrum and the structure function of the
ground magnetic field (Abel and Freeman 2002; Consolini
et al. 1998; Pulkkinen et al. 2006), the ionospheric elec-
tric field spectrum (Abel and Freeman 2002; Golovchan-
skaya et al. 2006; Golovchanskaya and Kozelov 2010) and
the structure functions of both ionospheric convection
velocities (Abel et al. 2006; Parkinson 2006) and several
geomagnetic indices (AE, AU, AL and PC). In situ meas-
urements below 1000 km altitude have established that
also the plasma density irregularities from scale lengths
of 100 km to a few metres have power law spectra. Their
origin is the result of a complex process part of which
can be ascribed to turbulent processes (Dyson et al
1974; Kelley et al. 1982). The feature of a scale-free struc-
ture for fluctuations in the magnetosphere—ionosphere
system suggests that different physical processes both
internal and external to the system may play an impor-
tant role. An hypothesis is that these scale-free structures
can originate from the scale-free nature characterising
the solar wind and/or from some processes activated
within the magntosphere—ionosphere system such as the
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magnetohydrodynamic turbulence (Borovsky and Fun-
sten 2003) or self-organised criticality (Consolini 1997;
Uritsky and Pudovkin 1998; Sitnov et al. 2001; Consolini
and Chang 2001). In detail, the magnetic fluctuations
are characterised by spectral features depending on lati-
tude and geomagnetic activity level and by distinct tur-
bulent regimes at various altitudes over the polar regions
(Golovchanskaya et al. 2006; De Michelis et al. 2015). The
turbulent character found in these regions may have mul-
tiple origins. Some theories relate the turbulence directly
to turbulence in the solar wind, and others associate
it with structures of magnetospheric origin, suggest-
ing that it can be a consequence of a strong shear flow
regime, of a strong gradient drift and/or of a current con-
vective regime (Kintner and Seyler 1985). However, the
emergence of these turbulence regimes is related to the
enhancement of plasma density irregularities and to the
development of the Kelvin—Helmoholtz instability. Thus,
the ionospheric irregularities of magnetic origin are
closely related to the plasma density irregularities that are
due to the enhancement of particle precipitation in the
auroral oval, to the variation of the ionospheric electric
field and to the consequent intensification of the electric
current systems. These ionospheric irregularities play an
important role in the study of the ionosphere—magneto-
sphere coupling, and in a more practical framework, they
are related to the conditions of the radio wave propaga-
tion in the ionosphere. The plasma density irregularities
are, for example, the biggest error source for global posi-
tioning system (GPS) signals during space weather events
by causing a decrease in the operational performance of
navigation systems (Forte and Radicella 2004). Usually,
these irregularities are studied considering the rate of
total electron content index (ROTI) which detects them
by measuring the irregular structure of the spatial gra-
dient of the total electron content (TEC) (Pi et al. 1997)
and is used to estimate the fluctuation activity and the
auroral oval evolution (Cherniak et al. 2015). An interest-
ing example of the application of this index to the study
of the dynamics of the ionospheric irregularities during
the St. Patrick’s Day storm has been recently published
by Cherniak et al. (2015). In this study, the authors, using
data coming from more than 2500 ground-based GPS
stations, reconstruct diurnal and hourly ROTI maps for
both hemispheres showing the existence of a strong cor-
relation between the ionospheric irregularities and the
auroral hemispheric power (HP) index. This gives an esti-
mate of the power in gigawatts of precipitating energetic
particles in the polar regions. They find that the iono-
spheric irregularities increase within the polar cap region
during the occurrence of the geomagnetic storm and that
the spatial-temporal structure of the ionospheric irregu-
larities between the two hemisphere is asymmetric.
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In this work, we try to get information about the turbu-
lent nature of the ionospheric plasma at high latitude by
analysing the dynamical changes in the scaling features of
small-scale fluctuations (less than 1 min) of the magnetic
field recorded onboard of the Swarm satellites during
the St. Patrick’s Day geomagnetic storm of March 2015.
As a matter of fact, the spatial features of the magnetic
field fluctuations can be properly investigated using the
Swarm measurements due to their high spatial resolu-
tion of about 7.6 km along the orbital track. We analyse
the changes in the scaling properties of the horizontal
intensity of the geomagnetic field’s spatial fluctuations.
To do this, we evaluate the local Hurst exponent, which
characterises the fluctuations observed in a signal defin-
ing their degree of persistence or anti-persistence. We
compare the observed changes to those of the overall
ionospheric polar convection and potential structures as
reconstructed using data from observations made by the
Super Dual Auroral Radar Network (SuperDARN). We
want to test the possibility to utilise the changes in statis-
tical parameters as a local indicator of overall magneto-
spheric—ionospheric coupling conditions.

The paper is organised as follows. At first, the data
sources are discussed, and then, a brief summary of the
method of analysis is presented. Following this, the anal-
ysis is applied on the selected data. Finally, the implica-
tions of findings are discussed.

Data

We consider low resolution (1 Hz) magnetic data
recorded onboard of the ESA Swarm mission from 13
to 25 March 2015. The magnetic field data are vector
magnetic measurements recorded simultaneously by
the three satellites of Swarm constellation at two differ-
ent altitudes (~470 km Swarm A and C; ~520 km Swarm
B). In detail, we consider the horizontal component of
the magnetic field intensity in the NEC (North-East-
Centre) frame (according to ESA nomenclature we use
SW_OPER_MAGx_LR 1B(x = A,B,C) with file coun-
ter equal to 0405 and 0406). Our primary interest lies in
the horizontal intensity of the magnetic field because we
want to study the changes in the scaling features of mag-
netic fluctuations at high latitudes in the Northern Hemi-
sphere where the magnetic field is nearly vertical and the
horizontal component is generally related to high-lati-
tude current systems.

To isolate the external field contribution, the internal
field is removed using CHAOS-5 model. It is a high-reso-
lution geomagnetic model which spans a period between
1997 and 2015, and it is obtained considering satellite
magnetic data (Swarm, CHAMP, and Qrsted) along with
ground observatory data (Finlay et al. 2015). It permits
us to analyse directly the horizontal magnetic field of
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magnetospheric and ionospheric origin and to estimate
the spatio-temporal variations of the geomagnetic field
due to the occurrence of a geomagnetic storm.

Figure 1 shows the original X and Y component of the
geomagnetic field (called Xty and Yo, respectively)
used to evaluate the intensity of the horizontal mag-
netic field component (Hrgra = (X% otal T Ylgotal)l/ 2),
and the same components obtained after the removal of
the internal field generated by CHAOS-5 model (called
Xexternal and Yexternal respectively) in the selected time
interval for Swarm A satellite.

Figure 2 shows data used in this work, which are the
values of the intensities of the magnetic field horizontal
component, with 1-s time resolution, recorded by the
three Swarm satellites between 13 and 25 March 2015
obtained after the removal of magnetic field’s internal
contribution. A clear global enhancement of the intensity
of the magnetic field horizontal component is observed
after the sudden storm commencement (SSC) of St. Pat-
rick’s Day storm, at 04:45 UT 17 March 2015. Clearly,
different current systems contribute to the observed
magnetic field enhancement at the different magnetic
latitudes explored by Swarm constellation during its
orbit. Indeed, during the main and the recovery phase of
St. Patrick’s Day storm several intense geomagnetic sub-
storms occurred at high latitudes, as monitored in terms
of AE and Sym-H indices (see Fig. 4). In what follows, we
focus on the time evolution of high-latitude disturbance
so to attempt a discussion on the magnetic field fluc-
tuations in relation to some physical processes, such as
turbulence.

To discuss the dynamical changes in the geomag-
netic field fluctuations in relation to the overall iono-
spheric polar convection and potential structures as
recorded using SuperDARN data, obtained results
are presented in terms of AACGM latitude (Shep-
herd 2014) and magnetic local time (MLT) based on
the AACGM coordinates (Baker and Wing 1989). In
detail, MLT is evaluated using the common definition
given by Baker and Wing (1989) according to which
MLT = AACGMLong /15 + const + UT where AACGM
Long is the magnetic longitude in AACGM coordinates
of the point of interest, UT is the universal time that is
given in hours and the constant value (const = —4.73)
has been obtained choosing as standard reference point
0°N, 0°E in geographic coordinates. This coordinate sys-
tem has been developed to compare measurements com-
ing from different SuperDARN radars, but nowadays it is
usually used to map measurements from satellites and/
or ground-based instruments to analyse better those
plasma and electromagnetic processes characterising the
ionosphere and the magnetosphere. It is undefined in a
band of ~15° around the magnetic equator but provides
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a good magnetic coordinate representation in the auro-
ral and polar regions which are the regions considered in
our study. Software used to transform geographic coor-
dinates into AACGM ones is available at http://engineer-
ing.dartmouth.edu/superdarn/aacgm.html. Taking into
account the MLT definition, during the analysed period
the Swarm satellites span two different magnetic local
time intervals (07:00—09:00 MLT and 19:00-21:00 MLT)
as it is possible to notice looking at Fig. 3 where a polar
view map of the three satellite trajectories in the North-
ern Hemisphere is reported together with the distribu-
tions of magnetic local time for each satellite during its
orbit around the Earth.

To describe the space weather conditions during the
St. Patrick’s Day geomagnetic storm, we consider data
relative to interplanetary magnetic field and solar wind
plasma (speed, pressure and proton density) with 1-min
time resolution recorded by ACE satellite and obtained
from the OMNI website (www.cdaweb.gsfc.nasa.gov/
istp_public/) that reports data propagated to the front
of the magnetosphere. These data are reported together
with the geomagnetic indices Sym-H and AE in Fig. 4.
Looking at the interplanetary magnetic field and plasma
parameters, it is evident how the SSC (sudden storm
commencement) and the main phase of the geomag-
netic storm are strongly related to the sharp increase in
the solar wind plasma dynamic pressure and the large
rotation of the B, component of the interplanetary mag-
netic field. Correspondently, the values of the AE index
indicate an increase in the high-latitude geomagnetic
activity suggesting an enhancement of the intensity of
the auroral electrojet current systems, which persists
for some days during the recovery phase of the mag-
netic storm.

Method of analysis

We are interested in the analysis of the scaling features of
geomagnetic field fluctuations at temporal scales shorter
than 40 s. We limit our analysis to the range of scales
from 1 to 40 s in order to investigate scaling features on
at least 1 order of magnitude and simultaneously get local
spatial information of the fluctuation field. Moreover,
considering the velocity (about 7.6 km/s) of the Swarm
satellites and assuming that the evolution time of spatial
structures is longer than the transit time, the tempo-
ral scales below 40 s roughly correspond to investigate
spatial fluctuations from 7.6 km up to ~ 300 km. The
link between temporal and spatial scale, i.e. the validity
of Taylor’s hypothesis according to which the temporal
variations of spatial structures can be ignored during the
motion of the satellite, has been checked using Swarm A
and C satellites which orbit side by side at a distance of
about 160 km. Magnetic data coming from the two satel-
lites show the same fluctuation field structure taking into
account of the different transit time (about 10 seconds)
of the two satellites in the same region. Furthermore, we
assume that the magnetic field fluctuations that we are
analysing reflect the features of electrojets or mesoscale
magnetic structures that evolve on a time scale longer
than transit time. In this case, these structures can be
supposed relatively stationary and consequently they can
be treated as spatial magnetic fluctuations rather than
temporal ones.

For our investigation, we evaluate the local Hurst expo-
nent (H), which can be used as an indicator of the state
of randomness of a time series. It ranges between 0 and
1 and measures three types of behaviour in a time series:
persistence, randomness, and anti-persistence. When
the process is a Brownian motion H is 0.5, when it is
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Fig. 4 Geophysical and interplanetary parameters in the analysed period. Variations of geomagnetic activity indices, interplanetary magnetic field
(IMF) and solar wind parameter for the analysed time interval (13-25 March 2015). (First to sixth panel) High-latitude auroral electrojet index AE, low-
latitude index Sym-H, IMF magnitude B, north—-south component of IMF B, solar wind speed v, dynamical pressure P and proton density

persistent (i.e. an increment will be followed by a dec-
rement and vice versa) H is greater than 0.5, and finally
when it is anti-persistent (i.e. an increment will be fol-
lowed by an increment, and a decrement by a decrement)
‘H is less than 0.5. For a white noise H = 0, while for a
simple linear trend, H is 1. Furthermore, in the case of
monoscaling signals a simple relation exists between the
Hurst exponent and the spectral density slope g, which is
expected to be 8 = 2H + 1 (Gilmore et al. 2002).

A variety of methods exist for estimating the Hurst expo-
nent, and each of them has specific advantages and dis-
advantages. The most popular methods used to estimate
the Hurst exponent are the R/S analysis (rescaled range
method) introduced by Mandelbrot (1971), Mandelbrot

(1972), the detrended fluctuation analysis (DFA) origi-
nally suggested by Peng (1994) and wavelet-based estima-
tion. Here, we employ an alternative method based on the
detrended first-order structure function S; (t), which for a
signal x(¢) defined over an interval T is given by

Si(m) =(lx(t+ 1) —x@) )1, 1)

where 7 is a time separation and (. . .) 7 indicates time aver-
aging over the interval 7. When we deal with a scale-invar-
iant signal x(£), S1(7) exhibits a power law behaviour as a
function of t

Si(t) ~ M

where H is the Hurst exponent (Gilmore et al. 2002).

@)
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In this work, we consider a moving window of 400 s
[i.e. T = 400 s]. The choice of a moving window of 400 s,
which is 10 times larger than the maximum scale t which
we want to investigate (40 s), permits us to have a reliable
estimation of 40 s fluctuation statistics.

In the selected time interval, we detrend the time series
(Hexternal) by computing the average long-term trend
using a seventh-order polynomial fit p(t). In this way, we
can construct a new detrended time series x(¢),

x(t) = HExternal(t) —P(t)1 vt € [t — T/2’ o + T/2]1
(3

to which we apply the structure function analysis.
Detrending operation is necessary to obtain a more
correct estimation of the Hurst exponent eliminating
possible spurious effects due to the contribution from
long-range trend. This operation is commonly used to
estimate the Hurst exponent in several methods [see also
detrending moving average (DMA) and detrended fluc-
tuation analysis (DFA)].

The typical relative error associated with the local
Hurst exponent estimated using this method is equal to
4 % with a 95 % confidence according to a Monte Carlo
simulation as reported in our previous work (De Michelis
et al. 2015).

Results and discussion

We evaluate the local Hurst exponent for three time series
consisting of the intensity of the horizontal component
of the Earth’s magnetic field of external origin recorded
by the three satellites of Swarm constellation from 13 to
25 March 2015 (see Fig. 2). Successively, we divide the
selected time interval into windows of 1 day and for each
window we estimate the average values of the local Hurst
exponent obtained considering simultaneously Swarm
A, B and C observations during their crossings of the
Northern Hemisphere. Thus, the results from each 1 day
window come in averaging 45 crossings (15 crossings per
day per each satellite). In Fig. 5, the average H values are
plotted as a function of the AACGM latitude along the
mean trajectory of the satellite moving from the morning
(from 20°N to 90°N AACGM Lat on the left side of Fig. 5
corresponding to 07:00-09:00 MLT interval) to the even-
ing side (from 90°N to 20°N AACGM Lat on the right
side of Fig. 5 corresponding to 18:00-20:00 MLT inter-
val). The graphs reported in Fig. 5 give us the opportu-
nity to localise different latitudinal structures caused by
different physical processes and to study their time evo-
lution throughout all the phases of the St. Patrick’s Day
geomagnetic storm. As can be seen from the figure, the
analysed time series are characterised by values of the
local Hurst exponent both less than and greater than 0.5.
This means that the processes responsible for magnetic
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fluctuations of external origin at scales below 40 s can
induce both stability and instability in the system. When
the value of the Hurst exponent is less than 0.5 (red in
Fig. 5), the magnetic fluctuations are characterised by a
correlation with an anti-persistent character. When the
value of the Hurst exponent is higher than 0.5 (blue in
Fig. 5), the correlations in the magnetic field fluctuations
have a persistent character. From the graphs reported in
Fig. 5, we can see that, in the analysed time interval, at
low and mid-latitudes (<50°N AACGM Lat) the mag-
netic field fluctuations at scales below 40 s have always a
persistent character regardless of the geomagnetic activ-
ity level. On the contrary, at very high latitudes (>80°N
AACGM Lat), the correlations in the magnetic field fluc-
tuations have an anti-persistent character and the size of
this region changes with the geomagnetic activity level.
Indeed, we find a well defined region of anti-persistent
character around 80°N AACGM Lat during the whole
recovery phase of the geomagnetic storm (from 18 to
25 March), while the width of this anti-persistent region
becomes larger during both the main phase of the geo-
magnetic storm (17 March) and the day before (16 March
2015). What is interesting in these data is that the profile
of the average values of the local Hurst exponent as func-
tion of the AACGM latitude is mainly the same in all days
taken into account except for the 16 and 17 March 2015.
These 2 days, with respect to all other days here consid-
ered, are characterised by an increase in the dynamical
pressure of the solar wind along with rapid southward
excursions of the IMF B, component. These features of
the solar wind and in particular the enhancement of the
solar wind pressure seem to reflect in the decrease in the
mean Hurst exponent observed especially on March 16,
thus affecting the character of the magnetic field fluctua-
tions. What changes, during the selected period, is essen-
tially the position of the profile of the local Hurst values
with respect to H = 0.5. It drops lightly respect to this
reference position during the recovery phase of the geo-
magnetic storm. Moreover, it is apparent that the values
of the local Hurst exponent are higher in the evening side
(on the right of Fig. 5) than in morning one (on the left of
the same figure) at mid—high latitudes (60°-80°). A com-
parison of the local Hurst exponent values between 60°
and 80° in the two different MLT sectors shows clearly
this feature except for 16 and 17 March 2015. Indeed, at
mid-high latitudes during the recovery phase of the geo-
magnetic storm H values are slightly greater than or less
than 0.5 in the morning side, while in the evening one
they are always characterised by values greater than 0.5.
To better visualise the different latitudinal structures
at high latitudes, we report on Fig. 6 polar view maps
(AACGM Lat >50°N) of the local Hurst exponent val-
ues for the restricted time interval 14—-22 March. Each
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Fig. 5 Hurst exponent average latitude profile. (from the left to the right) Temporal trends of AE and Sym-H indices in the time interval 13 and 25
March 2015. Daily profiles of the Hurst exponent values obtained averaging the results coming from the three Swarm satellites as a function of the
AACGM latitude moving along the mean trajectory of the satellite from the morning (on the left) to the evening side (on the right)

panel represents the local Hurst exponent values relative
to 1 day obtained considering the measurements com-
ing from the three Swarm satellites orbiting the regions
of interest during the selected day. To compute these
maps, data are reduced on a regular grid using a Gaussian
kernel interpolation scheme. As in Fig. 5, the magnetic
field fluctuations with an anti-persistent character are
shown in red, while those with a persistent character are
reported in blue. On each image, we also report the tem-
poral trend of the auroral electrojet (AE) index for the
selected day using the same amplitude scale (0-2500 nT)
in all the images. The AE index values show an intense
global electrojet activity in the auroral zone during both
the main phase and the recovery phase of the St. Pat-
rick’s Day storm. Thus, during the recovery phase of the
geomagnetic storm (from 18 to 22 March) the auroral
region, as monitored in terms of the AE index, is char-
acterised by an intense substorm activity. An interesting
result emerging from Fig. 6 is the change in the morn-
ing—evening asymmetry of the 7 exponent values from
quiet to disturbed periods. During periods character-
ised by a low geomagnetic activity (14, 15, 16, 21 and 22
March), we observe a marked asymmetry, while this is
reduced during periods characterised by a high substorm
activity (from 17 to 20 March 2015).

The morning—evening asymmetry of the H exponent
values observed during quiet periods may reflect the dif-
ferent turbulent character of fluctuations, characterised
by different spectral features. Indeed, considering the
distribution of the Hurst exponent values the slope of the
power spectral density of magnetic fluctuations (H < 0.5;
B < 2) is flatter in the morning side than in the evening
one (H > 0.5; 8 > 2). In the morning side where the mag-
netic field’s fluctuations have an anti-persistent character
and the magnetic field’s spectral density is characterised
by an exponent smaller than 2, the field fluctuation shows
the formation of small structures. In the evening side
where the magnetic field’s spectrum is steeper, the forma-
tion of small structures is reduced. The different spectral
features reflect a different origin of the turbulent fluctua-
tions: shear flow in the evening side, gradient drift or cur-
rent convective in the morning side. The asymmetry in
the particle precipitation could play a role in the different
turbulent character. This point requires more investiga-
tion and will be explored in a further work.

Besides the morning—evening asymmetry, the most
interesting finding reported in Figs. 5 and 6 is the sig-
nificant change in the values of the local Hurst exponent

during the development of the geomagnetic storm. The
polar view maps show a decrease in the local Hurst expo-
nent values at all high magnetic latitudes approaching
and during the main phase of the geomagnetic storm
suggesting a change in the scaling features of the geomag-
netic field fluctuations from a more persistent to a less
persistent pattern. These results are consistent with those
of De Michelis and Consolini (2015) who have analysed
the spatial distribution of the scaling features of the mag-
netic field fluctuations at scales below 100 min using data
coming from 45 ground-based geomagnetic observato-
ries distributed in the Northern Hemisphere. This means
that the change in the nature of the geomagnetic field
fluctuations, which is a consequence of dynamical pro-
cesses that are activated during disturbed periods, occurs
on a wide spectrum of spatio-temporal scales since simi-
lar results are obtained analysing the scaling features of
magnetic field fluctuations below both 40 s and 100 min.

From the polar maps in Fig. 6, it is apparent that there
are some features of the spatial distribution of the local
Hurst exponent values that must be investigated. For
example, the anti-persistent region around the geomag-
netic pole and the presence at high latitudes of regions
with persistent magnetic fluctuations visible during the
recovery phase of the geomagnetic storm.

To try to understand the nature of these dynamical
structures manifesting in the persistency of fluctua-
tions and their time evolution, we compare them with
the observations of the global ionospheric convection
pattern determined by the Super Dual Auroral Radar
Network (SuperDARN). This network is made up of
high-frequency (8-20 MHz) coherent scatter radars
that emit a series of radio wave pulses transmitted in a
beam directed forward of the antenna arrays. Measur-
ing the Doppler shift between the emitted signal and
the reflected one, it is possible to measure the velocity of
the ionospheric convection flow in the radar look direc-
tion over the polar regions and to have information on
the decameter-scale plasma irregularities in the E and F
regions of the ionosphere. Combining the line-of-sight
vectors obtained from different radars with overlapping
fields of view, the radar observations are capable of pro-
viding a coverage over a large area giving a comprehen-
sive view of the plasma motion in the polar ionosphere.

A number of techniques have been developed in order
to obtain 2-D plasma flow vectors; here we use the “map
potential” model developed by Ruohoniemi and Baker
(1998) where the measurements from all the SuperDARN
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radars are combined with data from a statistical model
(Ruohoniemi and Greenwald 1996) to produce a convec-
tion pattern over the entire convection zone that is in
best agreement with the line-of-site velocity measure-
ments provided by the SuperDARN radars. SuperDARN

radars can operate in different modes changing the fre-
quency or the time resolution for the purpose of achiev-
ing specific research goals. In the standard mode of
operation, each radar measures the line-of-sight plasma
velocity at 75 ranges along each of 16 beam directions
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covering an area of about 3500 km in range and about 56
degrees in azimuth. Using this normal operating mode,
global convection maps based on SuperDARN measure-
ments are available at 2-min intervals.

To compare the global convection pattern obtained in
the Northern Hemisphere using SuperDARN data with
the results obtained using Swarm measurements, we
have to consider for each day the time intervals where
all the three satellites are simultaneously at high latitude
(>50°N AACGM Lat). Unfortunately, this particular
configuration does not occur frequently. Indeed, while
the Swarm A and C orbit side by side at an altitude of
about 470 km, the third satellite (Swarm B), which main-
tains an altitude of 530 km, flies along an orbit that has
an inclination angle with respect to that of the lower pair
of satellites which correspond to a magnetic local time
separation of about 2 h during the analysed time inter-
val. This different configuration of the Swarm satellites
is responsible of the different time periods in which the
satellites fly over the northern polar region. Figure 7
shows the difference between the latitudinal values
spanned by the two satellites Swarm B and Swarm C
during their trajectories in the analysed period. As can
be seen from the figure, there is only one time inter-
val during which the three satellites move on the polar
region simultaneously covering an area of about 40° in
the Northern Hemisphere. This time interval, which cor-
responds to a latitudinal difference value near to zero,
occurs on 15 March from 18:32 UT to 18:52 UT. In the
other time interval characterised by a latitudinal value
near to zero, the three satellites are simultaneously in the
Southern Hemisphere. So, to compare Swarm outcomes
with SuperDARN data in the Northern Hemisphere, we
have to consider also other time intervals when there
is not a simultaneous complete coverage of the polar
region by the whole Swarm constellation.
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Figure 8 compares the average global ionospheric con-
vection pattern obtained using SuperDARN data during
the time interval of about 20 min that the satellites take
to cross the high-latitude region (> 50° N AACGM Lat)
and the local Hurst exponent values evaluated using data
coming from the single crossings of satellites.

It is known that at high-latitude, configuration of the
plasma convection in the ionosphere follows regular
patterns, which are mainly dependent on the orienta-
tion and strength of the IMF and which vary in exten-
sion with the strength of solar wind interaction. Indeed,
reconfigurations of ionospheric convection pattern can
occur as a consequence of sudden changes in the polar-
ity of the B, and B, components of the IMF. This is the
reason why the ionospheric convection on timescales of
minutes can be quite variable, even for relatively stable
IMF conditions (Bristow et al. 2004; Huang et al. 2000a,
b). However, if the configuration of the ionospheric
plasma convection is well established during those peri-
ods in which the IMF is southward, when the IMF is
northward the situation is more complicated, and the
transformation of the ionospheric convection pattern
during a sudden change in the orientation of the IMF is
not well known. This complex configuration of the hori-
zontal circulation streamlines can be noted looking at
the SuperDARN image reported in Fig. 8 where various
scenarios are depicted. Some images are characterised
by a double-celled convection pattern with the dawn cell
dominant on the dusk one for a southward B, (Fig. 8c,
d and f), some have a more complex convection pattern
which consists of several cells for northward B, (Fig. 8a
and e) and lastly in some others the cells merge into one
large near-corotation cell (Fig. 8b). Since all these typical
features of the horizontal circulation streamlines are due
to the interaction between the IMF and the Earth’s mag-
netosphere, these convection patterns can be considered
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Fig. 7 Latitudinal difference between Swarm satellites. Difference between the latitudinal values spanned by the two satellites Swarm B and
Swarm C during their trajectories in the period 13-25 March 2015
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Fig. 8 Comparison between SuperDARN and Swarm constellation measurements. Mean ionospheric plasma convection maps in the high-latitude
region obtained using SuperDARN data. Colour indicates electrostatic potential according to the colour scale at the bottom. Superposed to the
mean ionospheric plasma convection maps the values of the Hurst exponent along the trajectories of the Swarm satellites. a—-f Different time inter-
vals as reported at the top of each panel. The coordinates are AACGM latitude, from 60°N to the north pole, and the magnetic local time (MLT), with
the local noon at the top and local midnight at the bottom. Concentric circles are magnetic parallels drown at 10°

as indicators of the state of the coupled magnetosphere—
ionosphere system (Ruohoniemi and Greenwald 1996).

The local Hurst exponent values reported on each
image of Fig. 8 suggest that the values of H higher than
0.5 (blue) occur in those regions characterised by strong
double-celled convection pattern. When this happens,
the transition of the local Hurst exponent to values
smaller than 0.5 can be observed, in first approxima-
tion, near the border of the convection region (Hepp-
ner—Maynard boundary) in proximity of the location of
the auroral oval. There is also a sharp transition to values
smaller than 0.5 between the two-cell pattern in the polar
cap. We deduce that in periods with an intense substorm
activity and characterised by persistent double-celled
convection patterns, the plasma dynamics is capable of
generating a long-range dependence in the magnetic field
fluctuations. This cannot be established when the polar
convection patterns quickly change. Indeed, when the
southward B, varies from negative to positive, the hori-
zontal circulation streamlines flowing within the polar
cap change in intensity and orientation. The distribu-
tion of the flow within the polar cap is anti-sunward and
peaked near the noon-midnight meridian for negative B,,
it reverses for positive B, (the so-called reversed convec-
tion) (Maezawa 1976; Crooker 1992; Burke et al. 1979). In
this condition, the polar cap can be characterised by non-
uniformities which are responsible for the development
of strong shears in the flow.

An interesting correlation seems to exist also with the
value of the polar cap potential ¢pc. Indeed, for high val-
ues of ¢pc and negative values of the IMF B, component
(see for instance plate (d) and (f) in Fig. 8) a clear struc-
ture of the magnetic field fluctuations character is found
in coincidence with the occurrence of a stable double-
celled convection pattern. Conversely, for small values
of ¢pc and/or positive values of IMF B, component, the
highly structured character of the magnetic field fluctua-
tions is lost. This last observation is supported by Fig. 8b
when a single cell is found with B, > 0 and ¢pc < 20 kV.

Summary and conclusions

The purpose of the current study is to investigate the
possibility to utilise the spatial changes in the scaling
properties of the geomagnetic field’s fluctuations as a
local indicator of the overall magnetosphere—ionosphere

coupling conditions and of the plasma convection struc-
tures during geomagnetic storms. For this reason, we
have analysed the changes in the scaling properties of the
geomagnetic field’s fluctuations recorded at high latitude
by the Swarm constellation.

We have evaluated the local Hurst exponent of the
horizontal intensity of the Earth’s magnetic field recorded
by the three Swarm satellites from 13 to 25 March 2015
obtained after the removal of magnetic field’s internal
contribution evaluated using CHAOS-5 model. In this
way, we have locally measured the degree of persistence
or anti-persistence of the external magnetic field’s fluctu-
ations. We have assumed that the temporal variations of
spatial structures can be ignored (Taylor hypothesis) dur-
ing the motion of the satellites. Therefore, we have ana-
lysed magnetic fluctuations below 40 s being interested in
the local spatial feature below 300 km.

The question of the nature of the spatio-temporal fluc-
tuations at high latitudes has been addressed in several
previous studies (Kintner and Seyler 1985; Weimer et al.
1985; Golovchanskaya et al. 2006; Golovchanskaya and
Kozelov 2010). Different techniques and different physi-
cal quantities describing the magnetosphere—ionosphere
system (electric and magnetic field, ionospheric plasma
velocity and so on) have been used to try to understand
the fluctuation properties that occur on both closed mag-
netic field lines (in the auroral zone) and open ones (in
the polar cap). The idea behind is to comprehend if the
properties of the fluctuations that occur in areas of open
magnetic field topology are directly driven by the solar
wind and are characterised by different properties with
respect to areas of closed magnetic field topology.

In the current study, we indirectly address this ques-
tion investigating the scaling properties of the magnetic
field fluctuations at high latitude and their time evolu-
tion throughout all the phases of the St. Patrick’s Day
storm. During the selected period, as monitored in terms
of the AE index, several intense magnetic substorms
occurred at high latitude during all the different geomag-
netic storm phases. It is known that the magnetic field
fluctuations associated with large spatial scales (>1000
km) are caused at low and mid-latitudes mainly by the
magnetospheric ring current as well as by the outly-
ing effects of the polar electrojets, and at high latitudes
(i.e. at auroral and polar cap latitudes) by that complex
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system of electric currents which usually comprises the
polar electrojets, an electric current flowing in the polar
cap and the sheets of field-aligned currents flowing from
and to the magnetosphere. These large-scale fluctua-
tions are well studied and are found to depend on differ-
ent parameters such as the interplanetary magnetic field,
the solar wind density and velocity and the season. Con-
versely, the magnetic field fluctuations associated with
small spatial scales (<100 km) remain the subject of much
investigation.

The detailed analysis of the selected period permits us
to investigate the effect of the storm and substorms on
the magnetic field’s fluctuations and to address the spa-
tial and temporal evolution of the mesoscale fluctuations
and their dependence on interplanetary and geomagnetic
parameters. Our results show that: (a) during geomag-
netically quiet period (13, 14 and 15 March) the magnetic
field’s fluctuations have a persistent character in the even-
ing side while they are characterised by a less persistent
character in the morning one; (b) during the main phase
of the storm (17 March) and the day before (16 March)
the geomagnetic field’s fluctuations change from a more
to less persistent character; (c) during the recovery phase
of the storm intense geomagnetic substorms occur when
the magnetic field’s fluctuations assume a persistent
behaviour mainly in the auroral zone both in the morn-
ing and in the evening sectors.

Taking into account that for a scale-invariant signal
there exists a direct relationship between the values of the
Hurst exponent and of the exponent S of the power spec-
tral density (8 = 2H + 1) (Gilmore et al. 2002), our find-
ings suggest that the regions where the magnetic field’s
fluctuations have a persistent character correspond to
regions where the geomagnetic field’s spectral density is
characterised by an exponent greater than 2. Conversely,
when the magnetic field’s fluctuations have an anti-per-
sistent character, the geomagnetic field’s spectral density
has an exponent less than 2. Considering that it has been
found that the small-scale variations in the magnetic and
electric fields are generally intermittently turbulent, our
findings suggest that distinct turbulent regimes charac-
terised the mesoscale magnetic field’s fluctuations and
that some factors, which are known to influence large-
scale fluctuations, have also an influence on mesoscale
fluctuations. The results reported in Fig. 6 show that the
scaling properties of the geomagnetic field’s fluctuations
are influenced by geomagnetic activity as monitored by
the AE and Sym-H and by interplanetary parameters.
Furthermore, the comparison between the local Hurst
exponent values along a single crossing of polar region
and the corresponding average structure of global con-
vection and polar cap potential as reconstructed using
data from the SuperDARN (see Fig. 8) shows that
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gradients or shears in the background plasma drift can
influence the nature of the magnetic field’s fluctuations.
This suggests that plasma instabilities and gradients in
the conductance can be a possible source of the observed
different nature in the turbulence. Indeed, it possible to
notice that: a) the structures of double-celled convection
pattern are usually associated with those regions with a
more persistent behaviour of the short timescale fluctua-
tions and b) in the polar cap at latitudinal values above
80° N the magnetic field’s fluctuations have an anti-per-
sistent character.

These findings do not support our previous research
(De Michelis et al. 2015) where we have found that the
scaling properties of the magnetic field’s fluctuations are
basically the same at high latitudes in the auroral oval and
in the polar cap. A possible explanation for this apparent
inconsistency might be that in the present study we ana-
lyse a single strong geomagnetic event, while in our pre-
vious study (De Michelis et al. 2015) we have performed
an average analysis based on 6 months (about 3000 cross-
ings) of data without particularly strong magnetic events.

However, the issue of the scale-free structure of the
physical quantities describing the processes at high lati-
tudes (as for example the electric and magnetic field or
the plasma drift velocity) in regions of both open and
closed field lines and the relative power law exponents
is still open. It has been found that the scale-free spatial
structure of the ionospheric velocity fluctuations meas-
ured by the Halley SuperDARN radar between 45 km up
to about 1000 km is characterised by different values of
power law exponents in areas of open and closed mag-
netic field lines (Abel et al. 2006, 2007). At the same time,
analysing the scaling features of the electric field fluctua-
tions on scales of 0.5-256 km at various altitudes over
the auroral zone and polar cap some authors have not
found significant differences (Golovchanskaya et al. 2006;
Golovchanskaya and Kozelov 2010), suggesting that the
drivers of turbulence in the two regions probably have
the same nature. The comparison between the different
studies is not simple. Beyond the fundamental problem
of the different spatial and temporal scales analysed, it is
necessary to notice that there is not a one-to-one corre-
spondence between the different physical quantities. For
example, the results obtained in the case of the electric
field’s fluctuations cannot be straightforwardly consid-
ered valid for the magnetic field (Weimer et al. 1985).
Indeed, it has been shown that the Fourier spectra of
the east—west component of the magnetic field (B)) and
of the north—south component of the electric field (Ey)
have a similar power laws but that this correspondence
is valid only in the auroral zone where the field lines are
closed (Weimer et al. 1985). Moreover, the present anal-
ysis treats the horizontal component of the magnetic
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field and not the single east—west component (Y); conse-
quently, the comparison is even more difficult.

In conclusion, the obtained results are an example of
the capability of geomagnetic field fluctuations data to
generate new insights on the ionosphere—magnetosphere
coupling and, at the same time, to develop new applica-
tions using their changes in scaling features as a local
indicator of the magnetosphere conditions. Indeed, the
good agreement between the structure of global convec-
tion obtained from SuperDARN and the time average
structures obtained from the Hurst exponent suggests
that the knowledge of the changes in the scaling features
with the geomagnetic activity level may be also useful in
developing reliable forecasting systems, providing infor-
mation not available in geomagnetic indices and, at the
same time, on the spatial long-range statistical nature of
the geomagnetic field fluctuations at different latitudes.
This information can give new key clues for the develop-
ment of more actual physical models.
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