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Abstract This paper attempts to explore the statistical scaling features of high-latitude geomagnetic
field fluctuations at Swarm altitude. Data for this study are low-resolution (1 Hz) magnetic data recorded by
the vector field magnetometer on board Swarm A satellite over 1 year (from 15 April 2014 to 15 April 2015).
The first- and second-order structure function scaling exponents and the degree of intermittency of the
fluctuations of the intensity of the horizontal component of the magnetic field at high northern latitudes
have been evaluated for different interplanetary magnetic field orientations in the GSM Y-Z plane and
seasons. In the case of the first-order structure function scaling exponent, a comparison between the
average spatial distributions of the obtained values and the statistical convection patterns obtained using
a Super Dual Auroral Radar Network dynamic model (CS10 model) has been also considered. The obtained
results support the idea that the knowledge of the scaling features of the geomagnetic field fluctuations
can help in the characterization of the different ionospheric turbulence regimes of the medium crossed by
Swarm A satellite. This study shows that different turbulent regimes of the geomagnetic field fluctuations
exist in the regions characterized by a double-cell convection pattern and in those regions near the border
of the convective structures.

1. Introduction

Fluctuations of magnetic field and physical plasma quantities, such as density, velocity, and temperature, are
typical of many space plasma systems. When these fluctuations are large and characterized by a high number
of degrees of freedom, which involve many spatial and temporal scales and a nonlinear transfer of energy
via either direct or inverse cascade mechanisms, the systems are generally said to be in a turbulent state.
Indeed, quoting Falkovich (2008) it is possible to define turbulence “as a state of a physical system with many
interacting degrees of freedom deviated far from equilibrium. This state is irregular both in time and in space
and is accompanied by dissipation.”

Many interplanetary space environments as the solar wind, the ion foreshock, the magnetosheath, the polar
cusps, the ionosphere, the middle magnetotail, and the distant magnetotail, have been found to be in a turbu-
lent state. In particular, ionospheric plasma shows both fluid and magnetohydrodynamics turbulence (Abel &
Freeman, 2002; Abel et al., 2002) which can be related to turbulent phenomena occurring in different regions
of the magnetosphere, being the ionosphere coupled to the magnetospheric regions by Earth’s magnetic
field lines.

In recent years, there has been an increasing amount of literature on the origin and features of the ionospheric
turbulence, which have been studied by means of numerical and experimental methods. In fact, the iono-
spheric turbulence has an important impact on the operability of all those communication systems affected
by the ionospheric medium. For instance, independently of geomagnetic latitude, ionospheric turbulence
represents a considerable issue for all Global Navigation Satellite Systems (GNSS). It may severely limit the
GNSS positioning accuracy, thus being a serious drawback for space-based navigation techniques used in
applications ranging from air traffic control, to ship navigation, to many national security issues, and even
more common users. These are just few examples of technologies which would require the knowledge about
the ionospheric turbulence level.

A key aspect of the ionospheric turbulence is also the possibility to know well about the ionospheric struc-
ture which is deeply influenced by plasma instabilities and other processes that act to create it. When we
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consider the physical processes that are responsible for the fluctuations of the electric and magnetic fields
and irregularities of the plasma density in the high-latitude regions, it is necessary to define the scales of inter-
est. At large scales (>100 km), the ionospheric processes are dominated by production, loss, and transport of
particles and magnetospheric plasma instabilities can play an important role. They control part of the precipi-
tation and turbulence phenomena in the plasma flow that moves along the magnetic field lines and from the
magnetosphere arrives in the ionosphere. This process is greatly dependent on the different interplanetary
conditions, and it is one of the dominant sources of the ionospheric plasma in the dark portions of the iono-
sphere. At these spatial scales, the ionospheric convection patterns are dependent on different parameters
such as the solar wind, the seasons, the strength, and orientation of the interplanetary magnetic field (IMF)
and the processes which occur in the magnetotail (Pettigrew et al., 2010; Weimer, 2005). Indeed, while during
periods of southward IMF a two-cell convection pattern with an antisunward convection across the polar cap
characterizes the high-latitude ionosphere, a more complex configuration consisting of a four-cell convection
pattern is seen in the same regions when the IMF points northward. Using ground magnetic data from the
IMAGE (International Monitor for Auroral Geomagnetic Effects) magnetometer array, Pulkkinen et al. (2006)
analyzed the spatiotemporal scaling properties of the horizontal magnetic field fluctuations at high latitude
in the auroral region through the structure function analysis and found evidence for scale-free structure (i.e.,
fluctuations with no characteristic scales over a wide range of scales) in the ionospheric currents on scales
from 100 to 1,000 km. Abel et al. (2007) found a similar result analyzing the first-order structure functions
of the ionospheric plasma velocity measured by SuperDARN (Super Dual Auroral Radar Network) HF (High
Frequency) coherent backscatter radars. The velocity structures on scales between 45 and 1,000 km, observed
in the polar cap and auroral zone, were well in agreement with the Kraichnan versions of P and lognormal
models of turbulence.

Data from several studies suggest that turbulent regimes characterize also the electric and geomagnetic field
fluctuations on smaller spatial and temporal scales. For example, Cousins and Shepherd (2012) analyzed the
statistical characteristics of the electric field fluctuations observed in high-latitude regions of Earth’s iono-
sphere at small spatial (between 45 km and 450 km) and temporal (between 2 min and 20 min) scales finding
that both the probability density function distribution shapes and scale-size dependencies of the analyzed
fluctuations were consistent with the properties which were expected for a turbulent flow. At the same time,
Golovchanskaya and Kozelov (2010) demonstrated the scale-free structure of electric fluctuations on scales in
the range 0.5–256 km using data measured by the Dynamics Explorer 2 satellite orbiting at polar latitudes dur-
ing periods characterized by southward interplanetary magnetic field. The electric field fluctuations in both
the auroral zone and the polar cap were found to exhibit similar scaling characteristics suggesting the same
nature of the drivers of turbulence in the two regions. All these results are consistent with other works which
have suggested that small-scale variations of the ionospheric electric field are generally in an intermittent
turbulent state (e.g., Golovchanskaya et al., 2006; Heppner et al., 1993; Kintner Jr., 1976; Kozelov et al., 2008).

While a considerable literature has grown up around the electric field fluctuations and, in particular, around
their scaling features at different spatiotemporal scales, the geomagnetic field fluctuations have not been
investigated with the same detail. Furthermore, it is not possible to straightforwardly consider valid the results
obtained analyzing the magnetic field based on their similarity to those obtained in the case of the electric
field since the latter is not necessarily correlated in a simple way with the magnetic field. It has been shown that
a good correlation exists only between the north-south component of the electric field fluctuations (Ex) and
the east-west component of the geomagnetic field fluctuations (By) especially in the auroral oval where the
Fourier power spectra of these two quantities have similar power laws (Golovchanskaya et al., 2006; Smiddy
et al., 1980; Sugiura et al., 1982).

To characterize the geomagnetic field fluctuations at high-latitude regions in the ionosphere and gain infor-
mation on their turbulent regimes, we can use Swarm measurements of the Earth’s magnetic field. The Swarm
mission, which was launched in November 2013 by the European Space Agency (ESA), consists of three iden-
tical satellites flying in a near-polar, circular orbit of inclination of ∼88∘ at two different altitudes of ∼450 and
∼500 km in December 2016, respectively (Friis-Christensen et al., 2006). These three satellites, equipped with
identical electric and magnetic field instruments, provide high-resolution and high-precision measurements,
which permit a survey of the geomagnetic and electric fields surrounding the Earth.

Recently, using measurements of the Earth’s magnetic field recorded on board of Swarm satellites, the local
scale index of the first-order structure function of the geomagnetic field fluctuations has been evaluated
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(De Michelis et al., 2015, 2016), showing its capability both to give new insights about the ionosphere-
magnetosphere coupling and to use it as local indicator of the overall magnetospheric-ionospheric coupling
conditions and turbulence. Indeed, the scaling properties of the first-order structure function of the geomag-
netic field fluctuations permit us to evaluate the associated scale index (also named as Hurst exponent) and
consequently to characterize their degree of persistence. Evidences suggest that the spatiotemporal persis-
tence character of the geomagnetic field fluctuations may be used to localize ionospheric structures caused
by different physical processes (De Michelis et al., 2015) and that the knowledge of the Hurst exponent can
provide a global and/or local characterization of the nature and level of ionospheric turbulence, which can be
displayed along a single satellite orbit (De Michelis et al., 2016) or through average maps over the region of
interest (De Michelis et al., 2015).

This paper analyzes the impact of the different IMF orientations on the spatial distribution of the degree of per-
sistence of the geomagnetic field fluctuations recorded by Swarm A satellite for 1 year (from 15 April 2014 to
15 April 2015) with particular attention to the northern high-latitude region. The observed dynamical changes
are examined in relation to the changes of the overall ionospheric polar convection and potential structure as
reconstructed using data from observations made by SuperDARN under similar interplanetary magnetic field
conditions (Ruohoniemi & Greenwald, 2005). The aim is to show the validity of this parameter as a local indi-
cator of the overall magnetospheric-ionospheric coupling conditions and turbulence. To attempt an accurate
description of the nature of the geomagnetic field fluctuations, we also analyze the second-order structure
function scaling exponents, which provide information about the spectral properties of fluctuation field. In
the past, similar approaches have been used to analyze the properties of geomagnetic field during quiet and
disturbed periods (Balasis et al., 2006; Wanliss, 2005). Furthermore, the ratio between the second and first scal-
ing exponents can give some insights on the multifractal and intermittent feature of the observed fluctuations
in terms of anomalous scaling properties.

The paper is organized as follows. In the second section the data sources are discussed and then the method
used to evaluate the first- and second-order structure function scaling exponents is presented. Following that,
the scaling exponents and the degree of intermittency of the analyzed time series are evaluated and results
reported on Northern Hemisphere polar maps. The dependence of these quantities on different interplane-
tary orientations is analyzed. In the case of the first-order structure function scaling exponents, a comparison
between the average spatial distributions of the obtained values and the statistical convection patterns
obtained using SuperDARN dynamic model is also considered. Finally, the implications of our findings
are discussed.

2. Data

We consider low-resolution (1 Hz) geomagnetic field observations from Swarm A satellite in the time interval:
15 April 2014 to 15 April 2015. We use SW_OPER_MAGA_LR_1B data with file counter equal to 0408 accord-
ing to ESA nomenclature. They are available at ftp://swarm-diss.eo.esa.int upon registration. From the X and
Y components of the geomagnetic field in the NEC (North-East-Centre) frame we evaluate the intensity of
the horizontal magnetic field component H (H = (X2 + Y2)1∕2) that is the basis of our study. Indeed, the
complex electric current systems which characterize the high latitudes produce a magnetic signature that
can be observed on the intensity of the horizontal component of the geomagnetic field. For example, the
average disturbances on ground due to the eastward and westward polar electrojet currents, which flow
in the E region of the Earth’s ionosphere and are associated with substorm disturbances during magnetic
storms, affect mainly the horizontal component of the geomagnetic field, manifesting as local bays. Also, the
field-aligned currents affect this field component. Thus, the geomagnetic field fluctuations that we analyze at
high latitude can reflect the features of some current systems and mesoscale magnetic structures that evolve
on time scales longer than the transit time of the Swarm satellites. Furthermore, considering that at high lat-
itudes the geomagnetic field is mainly along the vertical component, the fluctuation field is expected to be
strongly anisotropic or bidimensional. It is inhibited along the dominant vertical component and tends to
develop on the horizontal plane (Biskamp, 2003). We verified this condition by evaluating the variance of mag-
netic fluctuations along the three NEC directions and found that the horizontal components show a larger
variance than the vertical one (data not shown), which is typically of a factor 6 (𝜎2

N + 𝜎2
E > 6𝜎2

C).

All the obtained results are presented in terms of altitude adjusted corrected geomagnetic (AACGM)
coordinates (Shepherd, 2014) which are an appropriate coordinate system to describe the plasma and
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electromagnetic processes which occur in the auroral and polar regions below 2,000 km in altitude. Soft-
ware used to transform geographic coordinates into AACGM ones is procurable at http://engineering.
dartmouth.edu/superdarn/aacgm.html. Furthermore, to organize data with respect to the Sun position, we
introduce the magnetic local time (MLT) that we evaluate using the common definition given by Baker
and Wing (1989). According to the definition given by the authors MLT = UT + (𝜙N + 𝜙)∕15 where 𝜙

is the magnetic longitude of the point of interest in AACGM coordinates, 𝜙N is the geographic longitude
of the North Pole in centered dipole coordinates and UT is the universal time in hours. This definition of
MLT is one of the simplest since the position of the subpolar point is not taken into consideration. How-
ever, the magnitude of the difference between this common definition of MLT and other definitions which
consider the subpolar point is modest and it is not relevant for our average study (Laundal & Richmond,
2016). We also use interplanetary magnetic field data with 1 min time resolution obtained from OMNI web-
site (www.cdaweb.gsfc.nasa.gov/istp-public/) and which monitors the IMF conditions at the Earth’s bow
shock nose.

3. Method of Analysis

A possible way to accurately describe the geomagnetic field’s fluctuations in the high-frequency domain
through their scaling and spectral properties and degree of intermittency is to employ a method based on
the analysis of structure functions, a methodology that is widely used in different fields where turbulence
phenomena and scale-invariant features play a fundamental role (Frisch, 1995).

The qth-order generalized structure function Sq of a one-dimensional variable u(x) can be written as

Sq(𝛿x) =< |u(x + 𝛿x) − u(x)|q > (1)

where < > denotes an ensemble average of the increments of the variable taken over all pairs of points
(x, x + 𝛿x) separated by a scale 𝛿x that quantifies the scale of interest. In the case of turbulent signals these
quantities (Sq(𝛿x)) are representative of fluctuations at the scale 𝛿x (Carbone & Pouquet, 2009). If the analyzed
signal describes a system that meets the scale invariance properties, these structure functions will scale as

Sq(𝛿x) ≈ 𝛿x𝜉(q) (2)

where 𝜉(q) is the scaling index of the qth-order structure function. For signals which are characterized by a
simple global-scale invariance, 𝜉(q) depends linearly on q (𝜉(q)=cq where c is a constant) and only one scal-
ing index is sufficient to characterize the scale-invariant features of the analyzed signal. In the case of more
complex signals, which show for instance intermittency or multifractal features, 𝜉(q) is generally a nonlinear
function of q. When the scaling properties of the signal do not show a simple monofractal scaling behavior,
a multitude of scaling exponents has to be considered to acquire a full description of the scaling behavior. In
this case, we are in presence of multifractality, which, for turbulent fluid flows in the inertial range, is generally
a signature of intermittency in the cascading process (Frisch, 1995).

The first-order structure function scaling exponent (𝜉(1)) permits us to characterize the spatial/temporal struc-
ture of the analyzed signal by describing the rescaling of the signal variance at different scales of observation.
In first approximation, it can be considered equivalent to the Hurst exponent (Hu) which is commonly utilized
to describe stochastic processes (Hurst, 1956). In the case of a time series analysis, the Hurst exponent, which
ranges between 0 and 1, is usually used as a benchmark for persistence, randomness, and antipersistence. We
have Hu = 0.5 when the time series is a regular Brownian motion, Hu> 0.5 when the time series has a per-
sistent character, and Hu < 0.5 when we consider a time series with an antipersistent character. Finally, for a
white noise Hu = 0, while for a simple linear trend Hu = 1. Thus, the Hurst exponent is capable of describing
the tendency of a time series both to regress to the mean (when Hu < 0.5) and to cluster in a direction (when
Hu> 0.5). In this last case the Hu exponent provides information on the memory of the analyzed time series
and, consequently, on the dynamics of the system it describes. For instance, according to Kolmogorov K41 the-
ory of fluid turbulence, the first-order structure function scaling exponent (𝜉(1)) is expected to be 1∕3 in fluid
turbulent media, so that being 𝜉(1) and Hu essentially equivalent, turbulent media result to be characterized
by antipersistent fluctuations (Hu ∼ 𝜉(1) = 1∕3).

At the same time the Wiener-Khinchin theorem (Kintner Jr., 1976) permits us to relate the Fourier power spec-
trum exponent (𝛽) to the second-order structure function scaling exponent (𝜉(2)) being 𝜉(2)+1 = 𝛽 (Lampard,
1954). This means that we can use 𝜉(2) to get information on the spectral properties of our signals.
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Lastly, the simultaneous use of the first (𝜉(1)) and second (𝜉(2)) order structure function scaling exponents can
be used to infer some insights on anomalous scaling features and the occurrence of intermittency. In fact, in
the case of intermittent turbulent fluctuations the scaling features are expected to be local and this manifests
in a multifractal nature of the increments, which returns in a nonlinear dependence (convex shape) of 𝜉(q)
on q. Thus, for monofractal signals we have 𝜉(2) = 2𝜉(1)while for multifractal turbulent ones 𝜉(2) ≤ 2𝜉(1). This
permits us to quantify the occurrence of intermittency (multifractality and/or anomalous scaling) using the
following quantity: I = 𝜉(2)∕𝜉(1), that we will call “degree of intermittency.” Clearly, a better characterization
of intermittency would be through the estimation of higher-order spectral exponents. In this way, we could
characterize the convexity feature of the dependence of scaling exponents 𝜉(q) on moment order q. However,
to evaluate the q-order scaling exponents, it is necessary to use time series containing a number of points of
the order of 10q at least. In our case, due to the satellite velocity, this corresponds to analyzing windows of
large spatial extensions loosing local information. This is the reason why we limit our analysis to q ≤ 2.

To estimate 𝜉(1) and 𝜉(2) for the geomagnetic field fluctuations, we use the detrended structure function
method (De Michelis et al., 2015, 2016). We take into consideration a moving window of 400 s, and in each
time window we construct a detrended time series x(t) obtained by subtracting to the original time series,
which is in our case the intensity of the horizontal component of the Earth’s magnetic field with a time res-
olution of 1 s, its average long-term trend. The latter is obtained using a seventh-order polynomial fit so to
eliminate all possible spurious effects. On each time window the detrended time series x(t) is used to eval-
uate the first- and second-order structure functions considering as scales of interest those in the interval
𝛿x ∶ [1 − 40] s. The maximum scale investigated (40 s) is 10 times smaller than the size of moving window
(400 s) used; this ensures the reliable estimation of the 40 s fluctuation statistics. The typical error associated
with the first- and second-order structure function scaling exponents is less than 4% and 6%, respectively,
with a 95 % confidence according to a Monte Carlo simulation (see for details De Michelis et al., 2015).

Under Taylor’s (frozen turbulence) hypothesis (Taylor, 1938) we can relate the temporal-fluctuation scale to
spatial characteristics of turbulence. Consequently, the analysis of the time scales of the geomagnetic field
fluctuations in the interval [1–40] s corresponds to the analysis on spatial scales in the interval between 7.6 km
and ∼300 km being the velocity of the Swarm satellites about 7.6 km/s. These fluctuations are relative to the
magnetohydrodynamic domain being the ion-gyroperiod TΩ ≪ 1 s and both the ion-inertial length and the
ion-Larmor radius smaller (much smaller) than 7.6 km for the typical ionospheric plasma parameters at Swarm
A altitude (∼450 km).

4. Analysis and Results

Taylor’s hypothesis of the frozen turbulence is the central assumption of our analysis permitting us to link the
temporal scales to the spatial ones. A fundamental condition for the validity of this assumption is that the
temporal variations of the spatial structures occur on time scales shorter than the transit time of the satellite
in these structures. We check this assumption using magnetic measurements recorded simultaneously by
Swarm A and C that are two satellites of the Swarm constellation which orbit side by side at a distance of
about 160 km and transit in the same region with a time delay of about 10 s. We consider the horizontal
intensity of the geomagnetic field component after the removal of the long-term trend evaluated by means
of a seventh-order polynomial fit so to analyze the same time series that we utilize to evaluate the structure
functions. Figure 1a reports an example of the intensity values of the detrended horizontal magnetic field
component recorded by Swarm A (red line) and Swarm C (blue line) satellites while orbiting on the polar region
(20 March 2015 from 3:10 to 3:30 UT). By considering that the time shift between the two signals corresponds
to the time shift which exists between the two satellites (about 8/10 s), the observed structures are very similar.
This suggests that the Taylor’s hypothesis is valid at least on spatial scales of the order of the distance between
the two satellites. The validity of Taylor’s hypothesis at the scales of interest is also supported by data shown
in Figure 1b where the geomagnetic field fluctuations on a scale of 20 s (in terms of increments H(t+ 𝜏)−H(t)
with 𝜏 = 20 s) are reported for the two different satellites. The analogy between the 20 s fluctuations supports
the hypothesis according to which the transit time is faster than evolution time of structures.

We start our analysis by evaluating the local Hurst exponent in the case of a time series consisting of the fluc-
tuations of the intensity of the horizontal component of the geomagnetic field recorded by Swarm A satellite
from 15 April 2014 to 15 April 2015. We report our results on polar view maps. These maps show the spatial
distribution of the Hurst exponent values in the Northern Hemisphere (AACGM latitude >50∘) for different
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Figure 1. (a) Intensity values of the detrended horizontal magnetic field component recorded by Swarm A (red line) and
Swarm C (blue line) satellites while orbiting on the polar region (20 March 2015 from 3:10 to 3:30 UT). (b) Geomagnetic
field fluctuations (in terms of increments) of the detrended horizontal component on a scale of 20 s recorded by the
same satellites in the same period reported in Figure 1a.

IMF orientations. The IMF plays an important role in how the solar wind interacts with Earth’s magnetosphere
controlling the features of plasma flow that moves along the magnetic field lines and arrives in the ionosphere
from the magnetosphere. To select the different IMF orientations, we use IMF data obtained from OMNI web-
site where the IMF measurements are propagated to the bow shock. However, it is necessary to take into
consideration that IMF orientation changes affect the magnetosphere-ionosphere system with some delay
time, which is due to the propagation time of perturbation from the bow shock to the ionosphere. This delay
time must be evaluated. A considerable amount of literature based on observational data as well as simu-
lations has been published on this argument, but until now, the time required for the delayed response of
the ionospheric global convection patterns to the IMF changes is not known with great accuracy showing an
high variability from case to case. For this reason, in our case, we evaluate this delay time on a statistical basis
using the delayed mutual information theory (Albers & Hripcsak, 2011), which is able to define the delay in the
shared information between two random variables that are sampled simultaneously. Formally, the delayed
mutual information MXY (𝜏) between two discrete random variables is defined as

MXY (𝜏) = ΣN
i,j=1pij(X(t), Y(t + 𝜏)) log2

pij(X(t), Y(t + 𝜏))
pi(X)pj(Y)

(3)

where 𝜏 is the delay time between two random variables X and Y , pi(X) and pj(Y) are the probabilities of
observing the two variables independently of each other and pij(X, Y) is the joint probability distribution func-
tion of observing the couple of values (X, Y), each, respectively, in the range [Xi, Xi+𝛿X] and [Yi, Yi+𝛿Y], where
𝛿X and 𝛿Y are the bin amplitudes. At the denominator, the two probabilities are assumed to be independent
on time t. In our case, the two variables X and Y are the intensity of the horizontal magnetic field component
and the values of the IMF south component (Bz < 0) Bs during the 1 year analyzed time interval, respectively.
Figure 2 shows the delayed mutual information MXY as a function of 𝜏 . The maximum value in the information
shared by the two variables is at 𝜏 = 45 min, and we consider this value as the total amount of time required
for the delayed response of ionosphere to the IMF changes. This result seems to be consistent with other stud-
ies which found delays between 20 and 60 min associated with different physical processes: the shorter delay
with those processes which are directly driven by the solar wind and the longer one mainly with the substorm
activity which characterizes the nightside (Weimer et al., 2010).
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Figure 2. Delayed mutual information MXY between the two variables X ,
which represents the intensity of the horizontal component of the
geomagnetic field, and Y , which identifies the south component Bs of the
IMF, as a function of the delay time (𝜏). Data are relative to the 1 year
analyzed time interval.

We derive our average patterns for the four main IMF orientations in the GSM
Y-Z plane: Bz + ∕By+; Bz + ∕By−; Bz − ∕By+ and Bz − ∕By−. These maps are
obtained by reducing data on a regular grid using a Gaussian kernel inter-
polation scheme. We recall that according to this scheme, the mean value of
the variable under investigation at each grid point is obtained considering
the whole data set. Therefore, to evaluate the reliability of the mean values
(in the sense of Gaussian kernel estimation) reported in the maps, as those
of Figure 3, we estimate the error associated with them considering fitting
errors, which results to be less than 8%. Furthermore, the typical standard
deviation associated with each grid point is of the order of 0.1.

The values of the local Hurst exponent are in the interval [0,1], and the polar
view maps reported in Figure 3 permit us to distinguish regions where the
geomagnetic field fluctuations have a persistent character (in blue) from
those characterized by an antipersistent character (in red). Different latitudi-
nal structures are observed which are expected to result from different phys-
ical processes. At high latitude (>70∘) the geomagnetic field fluctuations
have always a persistent character independently from the IMF orientations.
For latitudinal values in the interval between 50∘ and 70∘, the character of
the geomagnetic field fluctuations shows a noon-midnight asymmetry. The
geomagnetic field fluctuations present an antipersistent character around

local noon and a clear persistent behavior in the midnightside. This asymmetry changes according to the
IMF orientations. The region with a persistent behavior of the geomagnetic field fluctuations presents a
pronounced expansion for negative values of the IMF southward (Bz) component, that is, when the magneto-
sphere is in an open configuration. This expansion reminds of the equatorward expansion of the auroral oval
at nightside during distributed periods due to a redistribution of magnetic flux between the inner and outer
magnetosphere (Kamide & Maltsev, 2007).

We analyze also the possible dependence of the character of the geomagnetic field fluctuations on the sea-
sons. For this reason, we select two different 120 day intervals for winter (from 21 October 2014 to 21 February
2015) and summer (from 21 April 2014 to 21 August 2014) seasons, respectively. Figures 4 and 5 show the set
of polar maps of the local Hurst exponent values for the different orientations of the IMF in the GSM Y-Z plane
and seasons. Typical error for these maps on the estimated mean values on the grid is 8%. The most striking
contrast with the mean patterns reported in Figure 3 is found in the summer patterns. The spatial extension
of the blue region, which identifies the geomagnetic field fluctuations with a persistent character, is generally
smaller in the summer than in winter. The decrease in the size of the persistent regions during the summer
seems to be well in agreement with the seasonal effect on spatial configurations of both ionospheric hori-
zontal current systems (Pedersen and Hall currents) and the field-aligned current systems, whose position is
also a function of the dipole tilt on the magnetospheric configuration (Christiansen et al., 2002; Fujii et al.,
1981; Ohtani et al., 2005). What we observe seems to be consistent with other studies which found that the
seasonal factor modulates the role played by the IMF suggesting therefore that the character of the magnetic
field fluctuations can be influenced by the background ionospheric conductance.

To investigate the nature of these structures and to understand their possible relationship with the physical
processes which characterize high-latitude regions, we consider the global ionospheric convection patterns
which can deeply influence the plasma, magnetic, and electric instabilities. A variety of instruments installed
on the ground or on board of satellites or rockets can be used to define these global convection patterns,
but not all the instruments have a good spatial coverage. A good result can be obtained using data recorded
by the SuperDARN (Greenwald et al., 1995). This network has the capability to provide the structure and
dynamics of plasma convection and electric fields at high latitudes, in particular in the polar caps and auro-
ral zones. Indeed, the SuperDARN array consists of several HF radars (8–20 MHz) which operate in pairs with
a common viewing areas and are installed at auroral latitudes. Although the radar coverage of the polar cap
regions is very good and radars operate continuously to provide a global-scale view of the electrodynamics
state of the high-latitude ionosphere, there may be large areas where there is little or no radar backscat-
ter due to particular propagation conditions and irregularities production factors. For this reason, a variety
of models have been developed to reconstruct the electrostatic potential and the convection patterns in
the high-latitude ionosphere even in problematical conditions. Recently, Cousins and Shepherd (2010) have
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Figure 3. Local Hurst exponent values, estimated in terms of first-order structure function scaling exponent (𝜉(1)) values
in the Northern Hemisphere in a polar representation using data recorded by Swarm A satellite from 15 April 2014 to
15 April 2015. The panels are in MLT and AACGM latitude from 50∘ to 90∘. The values are sorted according to different
orientations of the IMF in the GSM Y-Z plane.

presented a dynamic model, hereafter named the CS10 model, which is based on discrete average convec-
tion patterns reconstructed using data collected over 8 years (1998–2006) from nine Northern Hemisphere
SuperDARN radars (Pettigrew et al., 2010) and it is able to reproduce the mesoscale features of the ionospheric
convection patterns at high latitudes for a wide range of solar wind, IMF, and dipole tilt angle parameter
values. The CS10 model, which is in good agreement with other available empirical statistical models, is
capable of producing ionospheric convection patterns which reproduce features visible in instantaneous pat-
terns of convection observed with SuperDARN. We use this SuperDARN dynamic model, that is, available at
http://sdnet.thayer.dartmouth.edu/models/dynamicmodel.php, to generate convection patterns for differ-
ent combinations of solar wind velocity, IMF clock angle, and dipole tilt angle. Thus, during the analyzed time
interval (15 April 2014 to 15 April 2015) we generate for each of the four possible IMF orientations in the GSM
Y-Z plane, an average pattern of the high-latitude ionospheric convection pattern. Each pattern is obtained
averaging on patterns relative to the different Earth’s seasons (that means different dipole tilt angles) and
considering as input data the root mean squared values of Bz , By , and solar wind velocity obtained from OMNI
data in the selected period (1 year) and in each selected IMF sector. The aim is to compare the position and
extension of the mean ionospheric convection patterns obtained using the CS10 model with the different
scaling properties of the geomagnetic field fluctuations reported in Figure 3 and verify the validity of Hurst
exponent as a local indication of the overall magnetosphere-ionosphere coupling.

Figure 6 shows the comparison between the average spatial distribution of the Hurst exponent values in the
Northern Hemisphere for different IMF orientations and the statistical convection patterns obtained using

DE MICHELIS ET AL. MAGNETIC FLUCTUATIONS AT SWARM ALTITUDE 8

http://sdnet.thayer.dartmouth.edu/models/dynamicmodel.php


Journal of Geophysical Research: Space Physics 10.1002/2017JA024156

06

12

18

00

By > 0, Bz > 0 

06

12

18

00

By < 0, Bz > 0 

06

12

18

00

By < 0, Bz < 0 

06

12

18

00

By > 0, Bz < 0 

0.70.60.50.40.3

Hurst Exponent 

SUMMER

Figure 4. Local Hurst exponent values, estimated in terms of first-order structure function scaling exponent (𝜉(1)) values
in the Northern Hemisphere in a polar representation during summer season (21 April to 21 August 2014). The panels
are in MLT and AACGM latitude from 50∘ to 90∘ . The values are sorted according to different orientations of the IMF in
the GSM Y-Z plane.

the CS10 model. A good agreement is found between the regions with a persistent behavior of the geomag-
netic field fluctuations and both the position and the spatial extension of the statistical convection patterns
obtained under the same IMF conditions. The white regions, which identify the transition between antiper-
sistent/persistent scaling properties of the geomagnetic field fluctuations, seem to have a direct relationship
with the Heppner-Maynard boundary (HMB) which characterizes the high-latitude regions. The HMB is a
boundary encircling the ionospheric convection at its lowest latitude. It identifies the polar region below
which the electric potential is assumed to be zero, and the electric field shows a clear departure from low-
and middle-latitude values (Heppner & Maynard, 1987; Shepherd & Ruohoniemi, 2000). Since HMB marks the
equatorward extent of the convection pattern, it moves equatorward when the polar cap is large and the
convection cells are wider, and polarward when the convection cells have less flux and the polar cap is small.

The results reported in Figure 6 support the idea that inside convective structures geomagnetic field fluctu-
ations are characterized by a more persistent behavior, conversely approaching the border of the convective
structures geomagnetic field fluctuations exhibit a lower degree of coherence. Thus, the plasma dynamics
seems to be capable of generating a long-range dependence in the geomagnetic field fluctuations in those
regions characterized by double-celled convection pattern.

To characterize better the scaling properties of the geomagnetic field fluctuations, we evaluate the second-
order structure function scaling exponent (𝜉(2)) of the same signal (i.e., the intensity of the horizontal
component of the geomagnetic field recorded by Swarm A satellite from 15 April 2014 to 15 April 2015).
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WINTER

Figure 5. Local Hurst exponent values, estimated in terms of first-order structure function scaling exponent (𝜉(1))
values, in the Northern Hemisphere in a polar representation during winter season (21 October 2014 to 21 February
2015). The panels are in MLT and AACGM latitude from 50∘ to 90∘. The values are sorted according to different
orientations of the IMF in the GSM Y-Z plane.

The values of 𝜉(2) permit us to describe the spectral properties of the analyzed signal. According to Wiener-
Khinchin theorem, the Fourier power spectral density exponent (𝛽) of a signal is related to the second-order
structure function scaling exponent (𝜉(2)) according to the following relation 𝛽 = 𝜉(2) +1. Thus, from the
values obtained for the slopes of the second-order structure function scaling exponent (𝜉(2)) it is possible to
infer the scaling exponents (𝛽) of the power spectrum of the original signal. Figure 7 reports the spatial dis-
tribution of 𝛽 values in the Northern Hemisphere (AACGM latitude >50∘) for different orientations of the IMF
in the GSM Y-Z plane. The error associated with mean values considering fitting errors is less than 13%, while
the typical standard deviation at each grid point is of the order of 0.2.

As shown in Figure 7 the regions, which are characterized by a more persistent behavior of the geomagnetic
field fluctuations, are usually associated with 𝜉(2) values greater than 1 and consequently with𝛽 values greater
than 2 at all the analyzed scales. The obtained spatial distribution of the 𝛽 values suggests the existence of
different turbulent regimes which seem to depend crucially on the different IMF orientations, and latitude
and MLT values.

In discussing and interpreting the occurrence of spectral features that depart from the usual spectral
slope of MHD (MagnetoHydroDynamics) turbulence, one has to consider that as mentioned in section 2,
in the analyzed regions the nature of the fluctuation field is essentially expected to be two dimension.
Indeed, at high latitude we are in presence of a strong average background magnetic field (mainly aligned
with the vertical component) which would damp the occurrence of field-aligned fluctuations, thus imply-
ing a strong anisotropic fluctuation field. This suggests that a better scenario to discuss the observed
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Figure 6. Comparison between the average spatial distribution of the local Hurst exponent values (also reported in
Figure 3) and the statistical convection patterns obtained using SuperDARN dynamic model (continuous positive and
dashed negative). The panels are in MLT and AACGM latitude from 50∘ to 90∘. The values are sorted according to
different orientations of the IMF in the GSM Y-Z plane.

fluctuations in relationship to possible turbulent regimes is to consider anisotropic MHD or RMHD (Reduced
MagnetoHydroDynamics) turbulence instead of 3-D one (Biskamp, 2003). This point is supported by consid-
ering the magnitude of the variance in the three NEC directions as discussed. Moving from this assumption,
we can attempt an interpretation of the observed different spectral features in connection with some turbu-
lence models and scenarios. Clearly, we cannot exclude that the observed spectral features can originate from
physical mechanisms different from turbulence, although this is the best way to discuss them.

Values of the Fourier power spectral exponent less than 2 (𝛽 < 2 or 𝜉(2) < 1), which mainly occur in the
dayside at middle- and high-latitude regions, suggest that a plasma shear flow turbulence characterized by
an inverse energy cascade or a turbulence due to current convective or strong gradient drifts could explain
the observed spectral slope (Kintner Jr., 1976). Alternatively, spectral slopes near −5∕3 could be the result of
strong turbulence of shear Alfven waves under the hypothesis of critical balance (Sridhar & Goldreich, 1994).

Values of the Fourier power spectral exponent greater than 2 (𝛽 > 2 or 𝜉(2)> 1) may be a consequence of a
strong plasma shear flow turbulence regime or be of a different nature (Sridhar & Goldreich, 1995). Similar
spectral features for magnetic field fluctuations in the cusp region have been observed and discussed by
Yordanova et al. (2005). Chang et al. (2004) proposed an alternative scenario to interpret the nature of mag-
netic field fluctuations in RMHD turbulent plasma regimes. This scenario implies the emergence of coherent
structures in the form of field-aligned flux tubes and is associated with steeper spectra (Chang et al., 2004;
Wu & Chang, 2000, 2001). The obtained results are also in agreement with the situation of a weak turbulence
regime where the energy cascade is essentially planar involving the occurrence of steeper spectra for the
fluctuations perpendicular to the mean magnetic field (Galtier et al., 2000, 2005; Sridhar & Goldreich, 1994;
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Figure 7. Fourier power spectral density exponent (𝛽) values in the Northern Hemisphere in a polar representation
obtained using data recorded by Swarm A satellite from 15 April 2014 to 15 April 2015. The panels are in MLT and
AACGM latitude from 50∘ to 90∘. The values are sorted according to different orientations of the IMF in the GSM
Y-Z plane.

Verms, 2004). Another aspect to consider for discussing the observed steeper spectra is the role of compress-
ibility. Indeed, compressible MHD turbulence is expected to show steeper spectral features (Kowal & Lazarian,
2007). Clearly, a better assessment of the best turbulent scenario for the observed spectral features would
require a detailed discussion of all the magnetic field components and this will be done in a successive work.

It is apparent from Figure 7 that the turbulent properties of geomagnetic field fluctuations on scales 8–300 km
in the dayside are controlled by the sign of IMF By and Bz components and that the scaling properties of the
geomagnetic field fluctuations in the polar cap and in the auroral zone are basically the same. This is well
in agreement with the results obtained analyzing the origin of the electric turbulence in the same domains
(Golovchanskaya & Kozelov, 2010).

In a turbulent regime where the energy transfer rate between scales is homogeneous the scaling exponent
(𝜉(2)) of the second-order structure function is expected to be related to the scaling exponent (𝜉(1)) of the
of the first-order structure function by the following relation 𝜉(2) = 2𝜉(1). When that does not occur the tur-
bulence is termed intermittent. We can try to infer information on the spatial structure of the intermittency
nature of the geomagnetic field fluctuations considering the spatial distribution of the ratio between 𝜉(2)
and 𝜉(1). Figure 8 provides the intermittency values in the Northern Hemisphere for different IMF orienta-
tions in the GSM Y-Z plane. The maps exhibit the inherently intermittent nature of the turbulence in these
ionospheric regions and suggest that the geomagnetic field fluctuations at the analyzed scales dissipate their
energy in concentrated spot or in localized region of space. What is interesting about data in Figure 8 is the
inhomogeneities of the spatial distribution of the intermittency values which depends both on latitude and
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Figure 8. Intermittency values in the Northern Hemisphere in a polar representation obtained using data recorded by
Swarm A satellite from 15 April 2014 to 15 April 2015. The panels are in MLT and AACGM latitude from 50∘ to 90∘. The
values are sorted for different orientations of the IMF in the GSM Y-Z plane.

MLT values and on the IMF orientations. The typical error associated with the mean values on the grid is less
than 15%, while the corresponding variance is less than 0.25.

The spatial extension of those regions where the level of intermittency is low, that means where it is near 2,
tends to decrease when Bz < 0, approaching its minimum when both Bz and By are negative. We find that
the magnetic field turbulence in the ionospheric F region at analyzed scales seems to be strongly intermit-
tent in the MLT interval between 06 and 13 independently from the geomagnetic latitude values. In general,
evidence for intermittency can be found in correspondence with those regions where the power spectrum of
the geomagnetic field fluctuations is around 5∕3 (𝜉(2) ∼ 0.6 and 𝛽 ∼ 1.6) as reported in Figure 7. It supports
the hypothesis that the origin of intermittency may be researched in the occurrence of secondary instabilities
requiring the presence of local large-scale gradients (Hallatschek & Diamond, 2003; Sudan, 1983) associated
with a long wavelength component.

5. Conclusions

We have analyzed the statistical scaling features of the geomagnetic field fluctuations at high latitudes in the
Northern Hemisphere, as measured by Swarm A satellite over 1 year (from 15 April 2014 to 15 April 2015). This
research provides a framework for the exploration of the different ionospheric turbulence features which char-
acterize the ionospheric medium and that play an important role in all those communication systems affected
by this medium. Several systematic reviews of the possible turbulent nature of the ionospheric small-scale
variability have been undertaken (Abel et al., 2007; Golovchanskaya et al., 2006; Kintner Jr., 1976), and our
results are consistent with them.
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Considering geomagnetic field fluctuations on temporal scales between 1 s and 40 s corresponding to spatial
scales between 8 km and 300 km, we have evaluated the first- and second-order structure function scaling
exponents and the degree of intermittency of the fluctuations of the intensity of the horizontal magnetic field
component recorded on board of Swarm A satellite. The dependence of these physical quantities on different
interplanetary magnetic field orientations and seasons has also been taken into account.

In the case of the first-order structure function scaling exponent (Hurst exponent), a comparison between the
average spatial distributions of the obtained values and the statistical convection patterns obtained using
SuperDARN dynamic model has been also considered.

From a physical point of view the results obtained support the idea of convective structures associated with
regions characterized by a more persistent behavior of the geomagnetic field fluctuations and consequently
of a plasma dynamics which is responsible for generating a long-range dependence in the geomagnetic field
fluctuations where a double-celled convection pattern is present. Furthermore, the regions, which are char-
acterized by a more persistent behavior of the geomagnetic field fluctuations, are usually associated with
values of the Fourier power spectrum exponent greater than 2 at all the analyzed scales (1–40 s or 8–300 km).
Conversely, the geomagnetic field fluctuations with a lower degree of coherence and values of the Fourier
power spectral exponent less than 2 can be found approaching the border of the convective structures. These
regions are also characterized by a certain degree of anomalous scaling supporting the hypothesis that the
origin of intermittency may be related to the occurrence of secondary instabilities requiring the presence of
local large-scale gradients (Hallatschek & Diamond, 2003; Sudan, 1983) associated with a long wavelength
component. Some possible turbulence mechanisms, involving both weak and strong turbulent regimes, have
been suggested to explain the observed scaling features. However, to identify the exact turbulent mecha-
nism at the origin of the observed scaling features, further analysis and the investigation of other physical
quantities are required.

One of the more significant finding that emerges from this study is that the interplanetary magnetic field
and its clock angle have a considerable influence on scaling features of geomagnetic field fluctuations in the
ionosphere suggesting that the geomagnetic activity is a significant driver for different turbulent regimes.
The evidence from this study suggests that the scaling features of the geomagnetic field fluctuations can
be a useful tool to describe the different turbulent regimes which characterize the ionospheric medium at
Swarm altitude.
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