TURBULENCE AND SCALING FEATURES IN THE IONOSPHERIC
DYNAMICS: A PHENOMENOLOGICAL POINT OF VIEW

Paola De Michelis

Istituto Nazionale di Geofisica e Vulcanologia, Rome, Italy
1

INTRODUCTION

The ionosphere is part of Earth’s upper atmosphere where Extreme UltraViolet (EUV) and
x-ray solar radiation ionizes the atoms and molecules thus producing a mixture of neutral
gas, positively charged ions and electrons.
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INTRODUCTION
➤

It extends from about 60
to 2000 km altitude, but
the most important
contribution lies in the
90-1000 km region.

➤

The ionosphere forms the
boundary between Earth's
lower atmosphere and the
magnetosphere

➤

The ionosphere reacts to
weather and climate near
the Earth's surface and to
eruptions and sunspot
activity on the Sun.
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INTRODUCTION
➤

It is part of a complex, coupled
system that changes on scales
from meters to the planetary
radius, and from seconds to
decades.

➤

Understanding how the behavior
of this region is controlled, by
internal interactions and by the
external regions to which it is
coupled, is the one to the
challenge for the next generation
of scientists.
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INTRODUCTION
Addressing this challenge requires:
• Advances in observing the
composition and dynamics of the
neutral particles and simultaneous
observations of the charged particles
• To better understand the composition
and dynamics of particles and fieldaligned current
• To improve our capability of modeling
the ionosphere and its dynamics. An
important element to introduce in
future models are processes like
turbulence and instability, which
generally occur in the ionosphere.
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INTRODUCTION
There is a growing body of literature
that recognizes the importance of the
turbulent phenomena in the
ionospheric environment.
Fluctuations of plasma density,
electrostatic potential and
magnetic and electric fields have
highlighted the existence of a
turbulent state in the ionosphere.
This state, which can be detected at
diﬀerent spatial scales, is mainly the
result of the various phenomena
characterizing the diﬀerent
magnetospheric regions coupled to
the ionosphere by the geomagnetic
field lines.
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WHAT WE KNOW ABOUT IONOSPHERIC TURBULENCE

7

Weimer et al., “Auroral zone electric fields from DE1 and 2 at
magnetic conjunctions”, JGR, 90, A8, 7479, 1985.

WHAT WE KNOW ABOUT IONOSPHERIC TURBULENCE

Weimer et al. (1985) performed a
discrete FFT of the electric and
magnetic fields measured by DE-1
and DE-2 spacecraft in several
crossings of the auroral zone.
It was revealed that the Fourier
spectra exhibited a power law
relationship, suggesting the
presence of plasma turbulence at
the altitudes of both DE-1 (675
km to 23250 km) and DE-2 (305
km to 1000 km).
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Heppner et al., “High-Latitude Distributions of Plasma Waves and Spatial
Irregularities From DE 2 Alternating Current Electric Field Observations”, JGR,
98, A2, 1629, 1993.

WHAT WE KNOW ABOUT IONOSPHERIC TURBULENCE

Heppner et al. (1993) confirmed these results using electric field
measurements from DE-2 spacecraft, and demonstrated that electric
field variations at highest polar latitudes had power-law spectra, a
feature well known for the electric field variations in the auroral zone
(Kintner, 1976; Weimer et al., 1985).
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WHAT WE KNOW ABOUT IONOSPHERIC TURBULENCE

10

Tam et al., “Intermittency analyses on the SIERRA measurements of
the electric field fluctuations in the auroral zone”, GRL, 32,
L05109, 2005.

WHAT WE KNOW ABOUT IONOSPHERIC TURBULENCE
Tam et al. (2005) analyzed electric
field data obtained by the SIERRA
sounding rocket in the auroral
zone with a 1 ms resolution.
By examining the probability
distribution function (PDF) of the
electric field diﬀerence at various
scales of separation, they
concluded that large fluctuations
were more probable than one
would expect from normal
distributions, a typical
characteristic of intermittent
turbulence.
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Golovchanskaya & Kozelov, “Propeerties of electric turbulence in the
polar cap ionosphere”, Geomagnetism and Aeronomy, 50, 576, 2010.

WHAT WE KNOW ABOUT IONOSPHERIC TURBULENCE
Golovchanskaya and Kozelov
(2010) showed that:
• while the amplitudes of
electric field fluctuations
were much smaller in the
polar cap than in the auroral
zone, the scaling
characteristics of the
fluctuations in the two
domains were basically the
same;
• the drivers of turbulence in
the two regions probably had
the same nature;
• plasma shear flow can be the
source of turbulence in the
polar cap as it is in the
auroral zone.
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WHAT WE KNOW ABOUT IONOSPHERIC TURBULENCE

This result is diﬀerent from what one can intuitively suppose:
the drivers of turbulent fields that occur on open magnetic field lines and on closed
magnetic field lines in the high-latitude ionosphere should be diﬀerent.
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Abel et al..” Investigating turbulent structure of ionospheric plasma velocity
using the Halley SuperDARN radar”, Nonlin. Processes Geophys., 14, 799–
809, https://doi.org/10.5194/npg-14-799-2007, 2007.

WHAT WE KNOW ABOUT IONOSPHERIC TURBULENCE
Abel et al. (2007) proposed a detailed
analysis of spatial structure of the ionosphere
plasma velocity in the nightside F-region
ionosphere, poleward of the open-closed
magnetic field line boundary, i.e. in regions
magnetically connected to the solar wind and
showed that the strength of intermittency
found in this region of the ionosphere is
similar to that found in the solar wind.

Two other similar studies are those proposed
by Pulkkinen et al. (2006) and Abel et al.
(2006) where the ground horizontal magnetic
field fluctuations data from IMAGE
magnetometer network and
ionospheric velocity measures by the Halley
SuperDARN radar are analyzed, respectively.
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WHAT WE KNOW ABOUT IONOSPHERIC TURBULENCE
➤

Over the time, diﬀerent theories and models have been developed
regarding the nature and sources of small-scale electric field variations,
but there is not a unified picture.

➤

It is the reason why there have been and still are many studies dedicated
to this topic. These studies reflect the need to investigate the nature and
the sources of the small-scale variability.

➤

We have seen some interesting results obtained analyzing the electric
field data recorded mainly at high latitude but other interesting results
have been also obtained analyzing the magnetic field and electron
density data at high latitude and in the equatorial region
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TURBULENCE, IRREGULARITIES AND SPACE WEATHER
It has been shown that the
turbulent character of the
ionospheric plasma density plays
an important role in the
formation and dynamics of
ionospheric inhomogenities or
plasma density irregularities.
These plasma irregularities, that
usually cover a range of scale
sizes from thousands of
kilometers to a few meters, are
present at diﬀerent latitudes and
local times in the ionosphere.
This figure appeared on the cover of Space Weather
quarterly digest (Vol. 3, Spring 2006).
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TURBULENCE, IRREGULARITIES AND SPACE WEATHER
The presence of plasma density
irregularities in the ionosphere
can aﬀect trans-ionospheric
communication between
ground facilities and satellites.
They can degrade HF
communications and the quality
of Global Navigation Satellite
System (GNSS).
Signals can be delayed, distorted
or lost while passing through the
ionosphere.
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TURBULENCE, IRREGULARITIES AND SPACE WEATHER
What happens in the ionosphere is
similar to what happens to a fisherman
on a boat looking at a fish in the water.
The fish in a lake may appear to be in
the wrong position and/or may appear
rather fuzzy due to ripples on the
water.
In this example :
1. The fisherman is the satellite
2. The water is the ionosphere with
its irregularities
3. The fish is a ground facility
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TURBULENCE, IRREGULARITIES AND SPACE WEATHER
In the last years the dependence of our
society on the Global Navigation Satellite
System (GNSS) has increased substantially.
Critical applications (railway control,
highway traﬃc management, precision
agriculture, commercial aviation, and marine
navigation) require and depend on GNSS
services.
This means that our critical infrastructures
and economy are dependent on positioning,
navigation, and timing services. Our society
is vulnerable to damages due to the
malfunction of these systems.
For this reason the plasma density
irregularities are of particular interest for the
space weather.
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ESA-SWARM CONSTELLATION
In this framework satellites provide an opportunity to investigate the relevance that
the turbulence and dynamical complexity play in the overall ionospheric dynamics.

• The ESA minisatellite constellation
mission, called Swarm, can be
extremely useful in this context.
• It consists of 3 satellites (Alpha, Bravo
& Charlie) placed in two diﬀerent
polar orbits, two flying side by side at
an altitude of 450 km and a third at an
altitude of 530 km.
• Thanks to both the inclination of the
orbits and the precession of their
planes, Swarm satellites ensure a
global coverage in a few months.
20

ESA-SWARM CONSTELLATION

Swarm satellites are equipped with a suite of instruments
measuring magnetic and electric field, as well as plasma
features (plasma density and temperature).
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ESA-SWARM CONSTELLATION
Using data recorded by this constellation it is possible to study the turbulence and
complexity phenomena in a global perspective.
Simultaneous measurements of magnetic and plasma parameters recorded by Swarm
constellation may provide a multi-parametric characterization of turbulence and complexity
in the spatial scales from few kilometers to some hundreds of kilometers.
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HOW TO STUDY THE LOCAL PROPERTIES OF FLUCTUATIONS IN IONOSPHERE
• The investigation of measurements from a
flying object requires some specific
precautions. Indeed, the satellite in its
orbit crosses diﬀerent regions that are
characterized by diﬀerent features, so that
the measurements can acquire the
character of a non stationary signal, for
which the physical properties change from
a point to another.
• It is necessary to find reliable methods
capable of evaluating the local scaling
features in the diﬀerent regions explored
by satellites along their orbits and under
diﬀerent geomagnetic and interplanetary
conditions.
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HOW TO STUDY THE LOCAL PROPERTIES OF FLUCTUATIONS IN IONOSPHERE

Various methods have been developed and
introduced to estimate
The scaling features of a signal:

✴the rescaled range (R/S) analysis
✴the wavelet transform module maxima
(WTMM) approach

✴the fluctuation analysis (FA)
✴the detrended fluctuation analysis (DFA)
✴the detrending moving average (DMA)
technique

✴ the detrended structure function (DSFA)
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HOW TO INVESTIGATE SCALE-INVARIANCE ?
We consider the detrended qth-order structure function Sq(𝜏), which for a signal x(t)
defined over an interval T is given by

q

Sq (⌧ ) = h| x(t + ⌧ )

Sq (⌧ ) ⇠ ⌧

(q)

1

S1(τ) [nT]

when we deal with a scaleinvariant signal the Sq(𝜏) exhibits
a power law behaviour as a
function of the time separation

x(t) | iT

0.1

0.01

6 8

1

2

4

6 8

10

2

4

6 8

100

τ [s]
25

METHOD OF ANALYSIS: STRUCTURE FUNCTION ANALYSIS
1ST-ORDER STRUCTURE FUNCTION
S1 (⌧ ) =< |x(t + ⌧ )

x(t)| >T ⇠ ⌧

(1)

The Hurst exponent quantifies the relative tendency of a time series:
• to cluster in a direction (H>0.5). It has a persistent behavior. Long-range correlated signals
are characterized by a sign-persistence of their increments.
• to regress strongly to the mean (H<0.5). It has an antipersistent behavior. That happens in
short correlated signals.
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METHOD OF ANALYSIS: STRUCTURE FUNCTION ANALYSIS
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SPECTRAL FEATURES: SPECTRAL DENSITY EXPONENT
To better characterize the scaling properties of the geomagnetic field fluctuations we
evaluate the 2th-order structure function:

S2 (⌧ ) =< |x(t + ⌧ )

x(t)|2 >T

S2 (⌧ ) ⇠ ⌧

(2)

The values of γ(2) permit us to describe the spectral properties of the analyzed signal.
According to Wiener-Khinchin theorem, the Fourier power spectral density (PSD)
exponent β of a signal is related to γ(2) according to the following relation:

P SD(f ) ⇠ f

!

= (2) + 1

Thus, from γ(2) it is possible to infer the scaling exponents β of the power spectrum of
the original signal, which can provide information on the diﬀerent turbulence regime
and processes.
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CLIMATOLOGICAL RESULTS FROM
PROJECT

29

We use Ne observations (1Hz)
collected by Swarm A from April
1, 2014 to June 30, 2015
according to the diﬀerent IMF
orientations.

I

Consolini et al., “High-latitutde polar pattern of ionospheric electron density:
scaling features and IMF dependence”, JASTP, 2021.

ELECTRON DENSITY DISTRIBUTION

Bz
II

By

IV

Maps reveal several of the most
important and well-known
features of electron density for
the high-latitude ionosphere:

III

•day-night asymmetry
•tongue of ionization (TOI)
•main ionospheric trough (MIT)
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HOW WE EVALUATE HURST EXPONENT?

q

Sq(τ) = < | Ne(t + τ) − Ne(t) | | >T

Sq(τ) ∼ τ

γ(τ)

1

S1(τ) [nT]

The estimation of the scaling features is done
for electron density fluctuations at timescales
smaller than 40 s, using a moving window of
T=400 s
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The magnetic fluctuations in the range from 1 s to 40 s correspond to investigation of spatial
fluctuations from 7.6 km up to 300 km. The choice of a moving window of 400 s, which is
10 times larger than the maximum scale which we want to investigate (40 s), permits us to
have a reliable estimation of 40 s fluctuation statistics.
The application of this method to our data set produced a 15-month long time series of the
first- and second- order scaling exponents.
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Consolini et al., “High-latitutde polar pattern of ionospheric electron density:
scaling features and IMF dependence”, JASTP, 2021.

HURST EXPONENT
Polar view maps of the first-order
scaling exponent (Hurst
exponent) for the Northern
hemisphere.
• we have a persistent behavior
(H > 0.5) of Ne fluctuations at
mid latitudes and an
antipersistent (H < 0.5) one at
high latitudes. These two areas
are those external and internal
to the auroral oval.

I

Bz
II

By

IV
III

• The transition between the two
diﬀerent behaviors of Ne
fluctuations, occurring at H =
0.5 , seems to be only partially
controlled by IMF orientation
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Consolini et al., “High-latitutde polar pattern of ionospheric electron density:
scaling features and IMF dependence”, JASTP, 2021.

SECOND-ORDER SCALING EXPONENT
Polar view maps of the second-order scaling
exponent γ(2) for the Northern hemisphere
associated with the Ne fluctuations according
to diﬀerent IMF orientations.

➤

I

In the polar cap:

γ(2) ∼ 0.66 β = γ(2) + 1 ∼ 5/3

Bz
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By

IV
III
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Consolini et al., “High-latitutde polar pattern of ionospheric electron density:
scaling features and IMF dependence”, JASTP, 2021.

SECOND-ORDER SCALING EXPONENT
Polar view maps of the second-order scaling
exponent γ(2) for the Northern hemisphere
associated with the Ne fluctuations according
to diﬀerent IMF orientations.

I

➤

In the polar cap:

γ(2) ∼ 0.66 β = γ(2) + 1 ∼ 5/3
➤

Bz
II

By

IV
III

In the auroral regions:

γ(2) ∼ 0.7 − 1 β ∼ 1.7 − 2
➤

outside the auroral oval:

γ(2) ∼ 1.3 β ∼ 2.3
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Polar view maps of the second-order scaling
exponent γ(2) for the Northern hemisphere
associated with the Ne fluctuations according
to diﬀerent IMF orientations.

➤

In the polar cap:

γ(2) ∼ 0.66 β = γ(2) + 1 ∼ 5/3
➤

In the auroral regions:

γ(2) ∼ 0.7 − 1 β ∼ 1.7 − 2
➤

outside the auroral oval:

γ(2) ∼ 1.3 β ∼ 2.3

These three classes of values, besides the
dependence on magnetic latitude and MLT, display
35
also a clear dependence on IMF orientation.

Consolini et al., “High-latitutde polar pattern of ionospheric electron density:
scaling features and IMF dependence”, JASTP, 2021.

SECOND-ORDER SCALING EXPONENT

CLIMATOLOGICAL RESULTS FROM

PROJECT: CONCLUSIONS

➤

We have seen that, as expected, the distribution of the Ne in the MLat– MLT plane is
clearly modulated by the IMF, while the scaling properties of its fluctuations do not
always show such a clear dependence on IMF orientation.

➤

The maps of the Hurst exponent provide the important information that the diﬀerent
processes occurring inside and outside the auroral oval deeply influence the features
of Ne fluctuations making them persistent and with a long correlation only outside
the auroral region.

➤

The maps of the second-order scaling exponent reveal that Ne fluctuations are
characterized by values of γ(2) ∼ 0.66 inside the auroral oval, by slightly higher
value along the boundary of the auroral oval, and even higher values equatorward the
auroral oval.
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EQUATORIAL REGION
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EQUATORIAL REGION
Are there any irregularities in this
region that are the result of a process
of turbulence?
Yes, there are. They are the so-called
Plasma Bubbles.

From Yokoyama, T., Shinagawa, H., Jin, H., 2014.
J. Geophys. Res. doi: 10.1002/2014JA020708.

They are electron density irregularities
created after sunset by the nonlinear
evolution of the Rayleigh-Taylor
instability. They are regions aligned to
the magnetic field in the night-time
equatorial ionosphere inside which
plasma density is from 1 to 3 orders of
magnitude lower than the environmental
one. A feature of these irregularities is
that their one-dimensional energy
spectra obey to a power-law scaling
suggesting a possible turbulent origin.
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➤

We concentrate in the
18:00-24:00 local time (LT)
sector, consider a range of
±40°geographic latitude, and
select periods characterized by
low/moderate geomagnetic
activity (Kp<3). Under these
conditions the probability of
observing plasma bubbles is the
highest. Plasma bubbles have
been selected using Swarm
Level-2 Ionospheric Bubble
Index (IBI) product.
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EQUATORIAL REGION
➤

Comparison between the γ(2) values of the whole Ne dataset under selected conditions and inside
the plasma bubbles. Inside the plasma bubbles the γ(2) ranges between 0.4 to 2 with the highest

probability occurring around (0.95 ± 0.30). Outside plasma bubbles, γ(2) covers the same range but
its maximum is concentrated around 2. Ne inside the plasma bubbles is characterized by a Fourier
power spectral density (PSD) exponent β = γ(2) + 1 = (1.95 ± 0.30) while it is around 3 outside
them
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CONCLUSIONS
➤

There is still a long way to go to understand turbulence
processes in the ionosphere. It is an interesting challenge.

➤

A better knowledge of turbulent processes is important for
improving our capability of modeling the ionosphere and its
dynamics.

➤

It is an important element to introduce in the ionospheric
models in order to improve the forecasting capacity, which is
fundamental in the framework of space weather.
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