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Abstract: Alfvén waves play an important role in the stability, heating, and transport of magnetized
plasmas. They are found to be ubiquitous in solar winds (SW), which mainly propagate outward from
the Sun, especially in high-speed streams that originate from coronal holes. When high-speed streams
impinge on the Earth’s magnetosphere, the impact of Alfvénic fluctuations can cause magnetic
reconnections between the intermittent southward Interplanetary Magnetic Field (IMF) and the
geomagnetic field, resulting in energy injection from the SW into the Earth’s magnetosphere. In
this work, we tested a rotation procedure from the Heliocentric Earth Ecliptic (HEE) to the Mean
ElectroMagnetic Fields Aligned (MEMFA) reference frame. This is achieved by means of the Empirical
Mode Decomposition (EMD) method for both the SW velocity and IMF at 1 AU. Our aim is to check
the reliability of the method and its limitations in identifying Alfvénic fluctuations through the
spectral analysis of time series in the MEMFA coordinate system. With this procedure, we studied the
fluctuations in the main-field-aligned direction and those in the orthogonal plane to the main field.
To highlight the peculiarities of each case of study and be able to better identify Alfvén waves when
applying this procedure to real data, we reproduced the magnetic and velocity fields of a typical
corotating high-speed stream. We tested the procedure in several cases by varying the amplitude
of Alfvén waves and noise. We performed the spectral analysis of the Mean Field Aligned (MFA)
component of both the magnetic and velocity fields to define the power related to the two main
directions: the one aligned to the ambient magnetic field and the one orthogonal to it. The efficiency
of the procedure and the results’ reliability are supported by Monte Carlo (MC) tests. The method
is also applied to a real case that is represented by a selected corotating SW stream that occurred
during August 2008, which fell in the solar minimum of solar cycle 23. The results are also compared
with those obtained by using Elsässer variables to analyze the Alfvénicity of fluctuations via the
normalized cross helicity and the normalized residual energy.

Keywords: MEMFA reference frame; MFA reference frame; EMD method; high-speed streams; solar
wind; Alfvén waves; MHD waves simulation; Monte Carlo test

1. Introduction

Solar wind permeates interplanetary space and interacts with the Earth’s magne-
tosphere. Its characteristics change according to the activity of the solar cycle and the
structures present in the Sun. The interplay between the coronal magnetic field and SW
expansion produces both a highly structured solar corona and a spatially variable solar
wind. The interaction between fast solar wind (originating from coronal holes) and slow
solar wind (commonly related to closed field line regions) begins in the inner heliosphere; as
a consequence of solar rotation, this interaction forms structures that co-rotate with the Sun
and have become known as corotating interaction regions (Figure 1). The balance between
slow and fast wind changes with solar activity. During solar minima, the occurrence of
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corotating streams is more frequent. Such structures propagate and expand throughout
interplanetary space, and, at the Earth’s orbit (1AU), they are commonly well formed [1,2].
When the fast wind compresses the slow one, it creates a compression downstream, the so-
called Corotating Interaction Region (CIR—in red in Figure 1), and a rarefaction region
upstream (RR—in pink in Figure 1). The compression region is characterized by an increase
in plasma density and magnetic field intensity. Then, this is followed by the High-Speed
Stream region (HSS—in blue in Figure 1), which is characterized by high plasma velocity
and a reduction in density and magnetic field intensities. The fast wind is typically un-
compressive with large Alfvénic fluctuations within it [3]. The RR is characterized by a
decrease in plasma velocity and temperature, whereby the density remains low and the
fluctuations may be more or less Alfvénic.

Figure 1. Sketch of a stream structure in the ecliptic plane taken from [4] and adapted from [5].
The spiral structure is a consequence of solar rotation. The spiral inclination changes as the solar
wind velocity changes. When the high-speed stream (in blue) compresses the slower ambient solar
wind (in black), a compression region downstream (in red) and a rarefaction region upstream (in
pink) are formed.

From the first statistical studies conducted by Coleman [6,7], it has been known that
fluctuations with periods in the spacecraft frame from 10 to 104 seconds are largely due
to Alfvén waves [8]. Alfvén waves play an important role in space physics for their
contribution to the dynamics and heating of the solar wind. A condition for Alfvén
waves in an anisotropic plasma is v = ±(VA/B0)b, where v and b are the velocity
and magnetic perturbations, B0 is the average magnetic field that is orthogonal to b,
and VA = B0/(4πmn)1/2 is the Alfvén speed [9] (where m is the proton mass and n is the
ion number density ' proton number density).

The SW corotating streams and the Alfvén waves within interact with the Earth’s
environment by energy conversion and transmission through several mechanisms, ranging
from particle injection to the MHD waves propagation in the magnetosphere (which
are of particular importance at high latitudes). The efficiency in the transfer of energy
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generally increases when the southward IMF component (Bz) is negative, leading to the
magnetosphere–interplanetary medium coupling. MHD waves are generally classified into
frequency bands and distinguished by their morphology. For many decades, particular
attention was posed on Ultra Low Frequency (ULF, 1 mHz–5 Hz) waves for their useful
contributions in magnetospheric [10–13] and magnetotelluric diagnostics (e.g., [14,15]). It
was proved that they are also able to interact with magnetically trapped electrons in the
radiation belts leading to particle precipitation toward the high-latitude atmosphere [16–18]
with potential effects on the atmospheric dynamics (see [19,20] for a review). In addition,
with regard to the Alfvén waves, they can propagate inward to the magnetosphere, when
the southward IMF component, with its fluctuations, impinges on the magnetopause during
High-Intensity, Long-Duration, Continuous AE Activity (HILDCAA) [21,22]. Alfvén waves,
eventually present in the HSS, can contribute to the geomagnetic activity enhancement that
is mainly caused by convection processes observed during HILDCAAs [21–24]. As pointed
out by [25], it is important to know the interplanetary and SW causes of geomagnetic
activity; in particular, in the HILDCAAs case, they are leaded by the southward IMF
component of the Alfvén waves within the body of the HSS.

In situ measurements from spacecraft missions provide useful information on such
waves, allowing us to understand how they are generated and transmitted to the Earth’s
magnetosphere. The typical nonlinear character of the wide Alfvénic fluctuations in the SW
turbulence [8,26] suggests searching for a suitable method to bring out this kind of wave
from the SW signals (in situ measurements). The Empirical Mode Decomposition (EMD)
technique allows the analysis of nonlinear and nonstationary signals by decomposing them
into components of varying resolutions, and it is therefore suitable for our purposes. In this
context, it can be useful to study the MHD waves in a properly defined reference frame,
which helps us to distinguish MHD wave properties mainly attributable to compressional
or Alfvèn waves.

In particular, in the magnetosphere, where the main magnetic field is larger than
its fluctuations, the Mean Field Aligned (MFA) reference frame is generally utilized
(e.g., [27–30]). This system is mainly defined by identifying the ambient magnetic field,
by separating long periodicity variations from small-time perturbations, using a filter-
ing procedure. Conversely, the Minimum Variance Analysis (MVA, e.g., [31]) and the
deHoffman-Teller (HT, [32]) reference frames were also used for studying the interplan-
etary medium. In the MVA reference frame, the three distinct orthogonal directions are
identified by investigating the variances of the magnetic field components. Experimentally,
it was demonstrated that it does not necessarily coincide with that of the ambient magnetic
field [33,34]. In the HT reference frame, the main direction is the one along which the
convection electric field is minimum. The convection electric field in the interplanetary
medium represents the Interplanetary Electric Field (IEF)

E = −V× B (1)

where B and V represent the IMF and solar-wind velocity vectors, respectively. Tradition-
ally, both these reference frames are used for studying the properties of MHD wave and
non-linear shock waves or discontinuities.

In this work, we want to identify a reference system that is not only able to identify
the direction of the main magnetic field but also allows us to choose the second direction
of physical relevance. It can be represented by the direction of the main IEF, which is the
most geoeffective direction in the vicinity of the Earth’s magnetosphere ([35] and reference
therein). Based on these aspects, it is clear that the MFA reference frame could be more
useful in distinguishing wave properties in the solar wind. However, as mentioned above,
the solar wind transfers its energy more efficiently when the Bz component of the IMF is
negative, which corresponds to a positive dawn-dusk IEF component. In this work, we
proposed a new reference frame based on both the mean directions of IEF and IMF; this new
reference frame is hereafter named the Mean ElectroMagnetic Fields Aligned (MEMFA)
reference frame.
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The efficiency of the MEMFA procedure in separating Alfvén waves from IMF and
velocity fluctuations has been verified by means Monte Carlo (MC) test, by simulating
synthetic signals in a realistic SW corotating stream. The simulated Alfvén waves also
allowed us to compute the power of Alfvénic and compressional fluctuations. The method
here proposed seems to be complementary to the traditional one represented by the adi-
abatic invariant computed from Elsässer variables via the normalized cross helicity and
the normalized residual energy [36,37]. The former is related to the degree of correlation
between the SW velocity and the magnetic field fluctuations, while the latter is related to the
balance between magnetic and kinetic energies. This makes the MEMFA procedure useful
for further distinguishing the Alfvénicity in the SW, i.e., the above mentioned peculiar
features of SW fluctuations at scales from a few minutes to a few hours [8,34].

In Section 2, we describe the general rotation procedure (Section 2.1), its application to
a signal with localized Alfvén waves in the presence of white noise (Section 2.1.1) and red
noise (Section 2.1.2). In Section 2.2, we show the MC test and reliability for the procedure in
both previous cases. In Section 3, we show the study of both a simulated event (Section 3.1)
and a real case event (Section 3.2) and we discuss the comparison of our method with the
adiabatic invariants commonly used to describe Alfvénic turbulence. Then, we discuss the
results and conclusions in Section 4.

2. Data and Methods

Pure Alfvén waves propagate along the main field direction, with magnetic and
velocity perturbations in the plane orthogonal to it. Therefore, a rotation procedure that
enables us to identify the main magnetic field direction is a useful tool to identify pure
Alfvén waves too. We focused the application on a typical corotating stream because in its
high-speed plateau it is well known that there are Alfvén waves ([4,8,26] and references
therein); nonetheless, the rotation procedure is very general and can be applied to a
general context.

The simulated profiles of SW velocity and IMF time series in Sections 2.1, 2.2 and 3.1
are created accordingly to a typical SW corotating stream. The analysis in Section 3.2 was
performed using 1 min averages of magnetic field and plasma measurements during the
minimum of solar activity and provided by OMNIWeb (https://cdaweb.gsfc.nasa.gov/,
accessed on 21 October 2023), time-shifted to the Earth’s bow shock nose. Initial data
are given in the HEE coordinate system that has its x̂ axis towards the Earth, its ẑ axis
perpendicular to the ecliptic plane (positive North) and the ŷ axis to complete the orthogonal
right-handed frame. This system is schematically represented in Figure 2. The HEE system
is fixed with respect to the Sun–Earth line. On the other hand, the use of a Lagrangian
coordinate system, which is constructed with the axis related to the main physical quantities
we deal with, can be very useful to study the physical phenomena that occur. The MFA
(Main Field Aligned) coordinate system, widely utilized in the magnetosphere [27,33], can
be well applied in the solar wind because the procedure is able to reconstruct the main
field by specifying the time scales of interest. In this work, we define a new specific MFA
reference frame, the MEMFA (Mean ElectroMagnetic Fields Aligned) in Section 2.1.

https://cdaweb.gsfc.nasa.gov/
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Figure 2. Both pictures represent the ecliptic plane in the background, with the Sun on the left and
the Earth with its magnetosphere on the right, and a 3D magnification in the foreground. Panel (a):
the HEE reference frame . The x̂ axis goes from the Sun toward the Earth, the ẑ axis is perpendicular
to the ecliptic plane (positive North), and the ŷ axis completes the orthogonal right-handed frame.
The IMF is represented by the yellow curve, with its tangent vector B in blue. Panel (b): the MEMFA
reference frame. The µ̂ axis is aligned to the main ambient magnetic field, the φ̂ axis is aligned to the
main electric field, and the ν̂ axis completes the orthogonal right-handed frame. The yellow curve
represents the IMF, that not necessarily lies in the ecliptic plane at the Earth’s orbit. This implies that
the IEF also has a component in the ecliptic plane. The solar wind velocity vector is pictured in green.

2.1. The MEMFA Referece Frame Definitions and Rotation Procedure

This section describes the rotation procedure from the HEE coordinate system to
the MEMFA (Mean ElectroMagnetic Fields Aligned) coordinate system. Without losing
generality, we refer to the HEE as the starting reference frame hereafter. To define the
MEMFA reference frame, we need to know the characteristic time scale, which is indicated
as TS, to separate the main magnetic field from its smaller period variations. With this
assumption of time scale separation, the magnetic field can be thought of as a sum of a long
period ambient magnetic field B0(t), a short period (high frequency) perturbation term
b(t) and an incoherent noise nb(t):

B(t) = B0(t) + b(t) + nb(t) (2)

In Equation (2), B0 corresponds to the mean IMF.
As for B0, also V0 represents the long period component of the solar wind velocity;

following the previous definition for B, it follows that

V(t) = V0(t) + v(t) + nv(t) (3)

where, v(t) represents the velocity perturbation term and nv(t) the incoherent noise.
The MEMFA coordinate system has the µ̂ axis aligned to the main ambient magnetic

field, the φ̂ axis aligned to the main electric field (E0(t) = −V0(t)× B0(t)), and the ν̂ axis
that completes the orthogonal right-handed frame (ν̂ = µ̂× φ̂). The MEMFA unit vectors
are therefore defined as follows:

µ̂(t) =
B0(t)
‖ B0(t) ‖

(4)

φ̂(t) =
B0(t)×V0(t)
||B0(t)×V0(t)||

(5)

ν̂(t) = µ̂(t)× φ̂(t) (6)
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so that the instantaneous rotation matrix from HEE to the MEMFA reference frame can
be computed:

R(t) =

µ̂x(t) µ̂y(t) µ̂z(t)
φ̂x(t) φ̂y(t) φ̂z(t)
ν̂x(t) ν̂y(t) ν̂z(t)

 (7)

allowing us to define any vector in the new MEMFA reference frame.
Obviously, once we compute the rotation matrix from HEE to the MEMFA coordinate

system, based on the magnetic field time scale separation, we can use the same R(t) to
rotate other vectors from HEE to the MEMFA reference frame, such as the velocity vector V.
By these definitions, it follows that both velocity and magnetic field vectors can be rotated
as follows:

B(t)
′
= R(t)B(t) (8)

V(t)
′
= R(t)V(t) (9)

where, R(t) is the rotation matrix, the vectors with the apex on the left-hand side of the
Equations (8) and (9) refer to the MEMFA reference frame and the vectors without apex on
the right-hand refer to the HEE reference frame.

The MEMFA reference frame gives us information about the direction of the main
magnetic field (first direction), and the second direction (φ̂) gives us information about the
main electric field direction. As we will see later, these quantities are important because
they help us to identify the fluctuations in the SW plasma, but they can also have other
applications, such as in the proximity of the magnetosphere.

Since SW Alfvén waves manifest non-linear behavior, the time scale separation is per-
formed by the EMD method, introduced by [38] to analyze non-linear and non-stationary
signals (e.g., [33,39,40]). The EMD is a sifting procedure-based technique able to adap-
tively decompose a multiscale signal into a sum of a finite number of roughly zero mean
oscillating components called Intrinsic Mode Functions, and a residue. Those functions
form a complete and nearly orthogonal basis, and they are identified without leaving
the time domain (they have the same length as the original signal), thus preserving the
varying frequencies. In this work, we are interested in applying the rotation procedure to
a corotating high-speed SW stream, in order to separate its main magnetic field structure
from the fluctuation within it. Clearly, physical phenomena do not change with the change
in the reference system; nonetheless, a properly defined reference frame, based on the
physical quantities involved, allows us to better understand the physics that occur.

Previous studies [8,34] showed that Alfvénic fluctuations typically have periods rang-
ing between a few minutes and a few hours. To efficiently take into account this timescale
separation in the MEMFA rotation procedure, we choose a time window of 6 h. This time
window is wide enough to include all Alfvénic fluctuations therein, but, at the same time,
not too wide to follow the variability of the typical ambient field in a corotating stream.

Then, we assume as ambient magnetic field B0(t) all variation with a time scale greater
than TS = 6 h (frequencies lower than 0.005 mHz), and consequently, we consider magnetic
field fluctuations all variations b(t) with a time scale lower than TS (frequencies greater
than 0.005 mHz), compatible with what was stated in the introduction.

2.1.1. White Noise + Localized Alfvén Waves

This section shows how the procedure works when applied to a simulated corotating
SW stream with localized Alfvén waves and white noise. The basic idea is to understand
if the proposed procedure is able to separate Alfvén waves from the ambient signals and
project these waves in the orthogonal plane to the main field. To test this procedure,
a good starting point is to create a synthetic corotating stream in the HEE reference frame,
which is the reference system where we usually have the data. Then, we can apply the
rotation procedure by computing the instantaneous rotation matrix R1(t) from HEE to
the MEMFA coordinate system, in order to add the Alfvén waves to signals in the latter
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reference frame. As mentioned in the introduction, Alfvén waves propagate along the main
magnetic field direction, with magnetic and velocity perturbations in the plane orthogonal
to the main ambient field. In the MEMFA reference frame, we identify the main field
direction, that is the µ̂ one. Therefore, in this frame, we can easily introduce Alfvén waves,
seen as perturbations to the main signal, in both velocity and magnetic field components
orthogonal to the µ̂ direction. In this test, we chose to add Alfvén waves in the φ̂ direction,
without losing generality. Of course, the adding waves, to be Alfvénic, must comply with
other conditions, that are the magnetic and velocity energy equipartition, and no phase
difference between magnetic and velocity perturbations. In a general sense, we can easily
write the in-phase magnetic and velocity perturbations as

bφ = AB(t)cos(2π f (t)t) (10)

vφ = AV(t)cos(2π f (t)t) (11)

where AB(t) and AV(t) are the fluctuations amplitudes for both magnetic and velocity φ̂
component. These amplitudes are linked by the equipartition of magnetic and kinetic energy:

bφ
2

2µ0
=

1
2

nmpvφ
2 (12)

as expected for an Alfvèn wave. Since the signal’s energy is proportional to its amplitude,
we defined the amplitude of the magnetic fluctuation to 1 nT, which is in accordance with
real data by observing several SW corotating structures (not shown here); in this regard,
we calculated the amplitude of the kinetic fluctuation accordingly, through an appropriate
multiplicative constant 1/√µ0nmp, where µ0 = 4π × 10−7 H/m is the permeability con-
stant, n is the plasma density (here measured in counts/cm3), and mp = 1.67× 10−27 kg
is the proton mass. The frequency f (t) varies in the range 0.05–3 mHz, which are values
well in accordance with those of typical Alfvén ULF waves in the SW at 1 AU, from tens to
hundredths of mHz [8]. Then, both amplitudes are modulated by a window, i.e., a weight
function or taper that smoothly goes to zero at the end points of the time series. Specifically,
we use a Tukey window, whose weights are defined by a unitary amplitude cosine function
at the edges of the time series, in order to restrict the fluctuations only in the HSS region and
the beginning of the RR. This choice is a consequence of the well-known Alfvénic character
of SW corotating streams, typically most Alfvénic in the high-speed plateau [4,8,37,41],
as mentioned in the introduction.

Once we add Alfvén waves in the MEMFA coordinate system, we use the inverse
of the previous rotation matrix to come back to the HEE reference frame, via R1(t)−1.
Then, in the HEE reference system, we add a white noise, which corresponds to a random
signal having equal intensity at different frequencies, calculated according to experimental
observations in the HEE reference system. At this point, we have magnetic and velocity
components in HEE coordinate system containing Alfvén waves and noise, as a real case
has. Starting from this, in order to check if the procedure is able to recognize Alfvén waves
in noisy signals without loss of information, we newly apply the rotation procedure from
HEE to MEMFA. This was accomplished by computing a new instantaneous rotation matrix
R2(t). If we find the Alfvénic fluctuations (previously inserted), it means that the procedure
is able to well identify them.

We can outline the performance of the procedure as follows:

1. Identify or define velocity and magnetic field components profiles in the HEE coordi-
nate system.

2. Apply the rotation procedure from the HEE to MEMFA coordinate system, using the
instantaneous rotation matrix R1(t).

3. In the MEMFA reference frame, we can easily add the Alfvén waves (with k ‖ B0
where k is the wave vector).
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4. Use the inverse of the previous rotation matrix, R1(t)−1, to come back in the HEE
reference frame, knowing that there are Alfvén waves in the signals.

5. Add the noise to each component, of both V and B. Now we have velocity and
magnetic field components within Alfvén waves and noise in the HEE reference frame.

6. Apply a new rotation procedure from the HEE to MEMFA coordinate system, using
the instantaneous rotation matrix R2(t) and check if this procedure is able to identify
Alfvén waves embedded in signals in the presence of noise.

We point out that the methodology and the procedure used in this work do not operate
in the frequency domain, therefore the shift Doppler does not affect our results.

Figure 3 shows the analytic profiles of the SW magnetic field (panel a) and velocity
(panel b) of a typical corotating stream, as seen in an HEE reference system. A corotating SW
stream, as previously shown in Figure 1, is characterized by a CIR where the compression
occurs, with a consequent increase in plasma density and magnetic field intensity; then
follows a high-velocity plateau, in the so-called HSS region, where the plasma density
and the magnetic field intensity decrease; then the RR occurs, characterized by a velocity
decrease. The synthetic profiles are reproduced to be representative of a typical real
corotating stream. The vertical dashed pink line refers to the transition from the CIR to
the HSS region of the simulated corotating stream. The vertical dashed green line refers
to the transition from the HSS region to the RR. After the first rotation procedure, via
R1(t), V0 and B0 are rotated in the MEMFA reference frame, as shown in Figure 3c,d.
The instantaneous rotation matrix R1(t) is computed based on the magnetic field cut-off
time of 6 h, as explained in Section 2.1.

As shown in Figure 3c, the main magnetic field B0µ component (in blue) is very well
identified by the procedure, while the other two magnetic field components B0φ and B0ν,
in the absence of perturbations, are null. The velocity components in the MEMFA reference
frame, which are computed with the same rotation matrix R1(t), are shown in the bottom
panel of the same figure. Since the second unit vector φ̂(t) of the MEMFA system is
calculated as in Equation (5), the V0φ component (in red), in the absence of perturbation, is
null because V0φ is perpendicular to V0. At this point, being in a reference system aligned
to the main field, we add Alfvén ULF waves in the φ̂ direction, orthogonal to it.

The MEMFA magnetic and velocity components, along with Alfvén waves, are shown
in Figure 4a,b. At this point, the signal contains its main trend and Alfvén ULF waves,
but not yet the noise. Because we can have information, from real data, about typical noise
amplitude values in the HEE reference frame, we can apply the inversion rotation matrix
R1
−1(t) and come back in the HEE reference system, where we can add noise to make the

simulation more realistic. In this section, we reproduce white noise for both magnetic field
and velocity components, which has an amplitude that is calculated from the standard
deviations of real values fluctuations. The latter quantities were estimated by removing the
main trend from real data, so they contain both waves and noise.

Figure 5 shows the new rotated magnetic (panel c) and velocity components (panel d)
in the MEMFA reference frame, via the new instantaneous rotation matrix R2(t). After the
rotation (via R2(t)), the noise remains in all components, while Alfvén waves are found only
in the φ̂ direction, confirming the proper functioning of the procedure (see also Figure 5e
that is a magnification example of the magnetic field fluctuations). Further confirmation of
the previous statement will be shown in Section 2.2. Panels a and b show an example of
magnetic (top panel) and velocity components (bottom panel) with Alfvénic fluctuations
(in the HSS and the beginning of the RR) and white noise embedded in the entire stream,
in the HEE reference frame. This can be considered as the equivalent starting point of real
data studies because when we deal with satellite data, they can generally be seen as the
superposition of a main trend, some typical signals, and noise. At this point, we can apply
the rotation procedure from scratch, finding a new instantaneous rotation matrix R2(t);
then, we check if the procedure can recognize not only the correct separation of the three
magnetic and velocity components, but also the identification of the Alfvén waves only in
the φ̂ direction, as previously inserted.
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Figure 3. Synthetic profiles of magnetic field (panel a) and velocity (panel b) components used to
recreate a corotating SW stream in the HEE reference frame. Synthetic profiles of magnetic field
(panel c) and velocity (panel d) components in the MEMFA reference frame, obtained by the rotation
procedure from HEE to MEMFA via R1(t). The x-axis refers to days in a simulated case. The vertical
dashed pink line refers to the transition from the CIR to the HSS region of the simulated corotating
stream. The vertical dashed green line refers to the transition from the HSS region to the RR of the
simulated corotating stream.
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Figure 4. Magnetic field (panel a) and velocity (panel b) MEMFA components with the addition of
Alfvén waves in the HSS region and at the beginning of RR. Magnetic field (panel c) and velocity
(panel d) HEE components, containing Alfvén waves, obtained by the use of the inverse rotation
matrix R1

−1(t). The x-axis refers to days in a simulated case. The vertical dashed pink line refers to
the transition from the CIR to the HSS region of the simulated corotating stream. The vertical dashed
green line refers to the transition from the HSS region to the RR of the simulated corotating stream.
The shaded region refers to the one with the synthetic Alfvén waves.
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Figure 5. Magnetic field (panel a) and velocity (panel b) HEE components, containing Alfvén waves,
with the addition of white noise. Magnetic field (panel c) and velocity (panel d) MEMFA components,
obtained by a new rotation procedure from HEE to MEMFA via R2(t), starting from the velocity
and magnetic field HEE components containing Alfvén waves and white noise. A magnification of
magnetic field fluctuations in the MEMFA reference frame is reported in (panel e) as an example.
The x-axis refers to days in a simulated case. The vertical dashed pink line refers to the transition
from the CIR to the HSS region of the simulated corotating stream. The vertical dashed green line
refers to the transition from the HSS region to the RR of the simulated corotating stream. The shaded
region refers to the one with the synthetic Alfvén waves.

2.1.2. Red Noise + Localized Alfvén Waves

Both velocity and magnetic field in the SW are characterized by colored noise, which
is a non-flat frequency spectrum. To reproduce a noise as similar as possible to the real
noise embedded in the SW, we reproduce a red noise [42] with a first-order auto-regressive
process (AR1) obtained from the auto-correlation at lag = 1 of both magnetic and velocity
components of a real case study.

In this section, we repeated the test, as seen in the previous section, no longer in
the presence of white noise but in the presence of red noise computed as just mentioned.
The points from 1 to 4 of the outline test procedure mentioned in Section 2.1.1 remain
the same; hereafter, we change the kind of noise we added in point 5. Figure 6a,b shows
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magnetic and velocity components in the HEE reference frame with the red noise embedded
within them. As said for the white noise, this can be considered as the equivalent starting
point of a real data series, formed by a main trend with added signals, and red noise
typical of both magnetic and velocity components. The rotation procedure can be repeated
through a new instantaneous rotation matrix R2(t), obtaining the MEMFA magnetic and
velocity components shown in Figure 6c,d, respectively. Also in this case, after the rotation,
the noise remains in all the components, while the Alfvénic fluctuations are detected only
in the φ̂ component of both the magnetic field and velocity (see also Figure 6e, which is a
magnification example of the magnetic field fluctuations). The previous statement will be
confirmed further in Section 2.2, Figure 8.

Figure 6. Magnetic field (panel a) and velocity (panel b) HEE components, containing Alfvén waves,
with the addition of red noise. Magnetic field (panel c) and velocity (panel d) MEMFA components,
obtained by a new rotation procedure from HEE to MEMFA via R2(t), starting from the velocity
and magnetic field HEE components containing Alfvén waves and red noise. A magnification of
magnetic field fluctuations in the MEMFA reference frame is reported in (panel e) as an example.
The x-axis refers to days in a simulated case. The vertical dashed pink line refers to the transition
from the CIR to the HSS region of the simulated corotating stream. The vertical dashed green line
refers to the transition from the HSS region to the RR of the simulated corotating stream. The shaded
region is the one containing Alfvén ULF waves.
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2.2. Monte Carlo Test and Reliability

To check the reliability of the procedure, we made a MC test by generating surrogates
of both white and red noise, with different amplitudes, in order to compute the Signal-to-
Noise Ratio (SNRA) in terms of amplitude. Then, we calculated the correlation coefficient
between the MEMFA components (obtained via R1(t) matrix ) with only the localized
Alfvén waves and the MEMFA components (obtained via R2(t) matrix) in the presence of
both localized Alfvén waves and noise.

The SNRA is the ratio between the signal amplitude and the noise amplitude, there-
fore it gives us an idea of how much the signal prevails over the noise and vice versa.
In the MC test, we decided to vary the noise amplitudes in order to vary the SNRA. We
defined the amplitudes of the noise of both magnetic field and velocity as NB = ANσB and
NV = ANσV/C where AN is the varying dimensionless amplitude, σB and σV are the stan-
dard deviations of real values fluctuations (obtained by removing the main trend), and C
(see Equation (14)) is a dimensionless multiplicative constant that links the amplitude of
the magnetic noise with that of the velocity noise, while maintaining the uncorrelated noise
between them, in the case of white noise. By imposing equality between the

SNRA(B) =
AB
NB

=
AB

ANσB
, SNRA(V) =

AV
NV

=
Av

ANσV/C
(13)

We can find the proportionality constant between noise amplitudes:

C =
ABσV
AVσB

(14)

Figure 7 shows the correlation coefficient computed between each MEMFA component
with only localized Alfvén waves in the absence of noise and the homonym MEMFA
component in the presence of both Alfvén waves and white noise. Recall that, in the test
procedure, the Alfvén wave was added only in the φ̂ component, orthogonal to that (µ̂)
aligned with the ambient magnetic field. Each panel shows the mean correlation trend
computed by averaging over 40 surrogates at each fixed SNRA (colored dots) and its
confidence interval at 95% (shaded area). In addition, for each SNRA, we computed the
corresponding average correlation rmean. We can see that these correlations computed
between µ̂ and ν̂ components, of both magnetic field and velocity, are zero, whereas the
correlation computed between Bφ (obtained via R1(t)) with only Alfvén waves and Bφ

(obtained via R2(t)) with Alfvén waves and white noise, reach a value of r = 0.7 in
correspondence with SNRA = 2.04 for both the magnetic and the velocity component; it
means that the signal (total signal-noise) in terms of amplitude is greater than 2/3 (∼ 66%)
of the total signal.

Figure 8 shows the correlation coefficient computed between each MEMFA component
with only localized Alfvén waves in the absence of noise and the homonym MEMFA com-
ponent in the presence of both Alfvén waves and red noise. For each magnetic and velocity
component, the red noise was computed with an auto-regressive coefficient obtained from
real data, respectively. Again, in the presence of red noise, the correlation coefficient is
basically zero for components that do not contain ULF waves, and it grows rapidly towards
1 for the φ̂ component, where we have previously added ULF Alfvén waves, which are
well found back after the second rotation procedure.

The correlation computed between Bφ (obtained via R1(t)) with only Alfvén waves
and Bφ (obtained via R2(t)) with Alfvén waves and red noise, reaches a value of r = 0.7
in correspondence with SNRA = 4.1 and SNRA = 3.7 for the magnetic and velocity
components, respectively; it means that if we approximate SNRA = 4 for both components,
the signal (total signal – noise) in terms of amplitude is greater than 4/5 (∼ 80%) of the
total signal for both the magnetic and velocity φ̂ components. In both cases, the procedure
is able to recognize the Alfvénic fluctuations in the presence of white noise and red noise.
Furthermore, the procedure is able to identify the main component’s profiles, giving a
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high correlation value for all three components of both magnetic field and velocity (not
shown here). We want to stress that the ULF fluctuation that was only present in the φ̂
component is found, after the second rotation, only in the same φ̂ component and not in
the other components.

Figure 7. Correlation coefficient computed between each MEMFA component with only localized
Alfvén waves in the absence of noise and the homonym MEMFA component in the presence of
both Alfvén waves and white noise (dots). The first row shows the correlation coefficient related
to the three magnetic field components computed for different SNRA values, where SNRA is the
Signal-to-Noise Ratio evaluated with the Amplitudes of signals and noise. The second row shows
the correlation coefficient related to the three velocity components computed for different SNRA

values. rmean refers to the average correlation coefficient, while CI refers to the Confidence Interval,
shown at 95%. Only for the φ̂ component, we reported the extrapolated SNRA in correspondence to
a correlation value of r = 0.7 (pink dashed lines).



Remote Sens. 2023, 15, 4679 15 of 21

Figure 8. Correlation coefficient computed between each MEMFA component with only localized
Alfvén waves in the absence of noise and the homonym MEMFA component in the presence of both
Alfvén waves and red noise (dots). The first row shows the correlation coefficient related to the three
magnetic field components computed for different SNRA values, where SNRA is the Signal-to-Noise
Ratio evaluated with the Amplitudes of signals and noise. The second row shows the correlation
coefficient related to the three velocity components computed for different SNRA values. rmean refers
to the average correlation coefficient, while CI refers to the Confidence Interval, shown at 95%. Only
for the φ̂ component, we reported the extrapolated SNRA in correspondence to a correlation value of
r = 0.7 (pink dashed lines).

3. Results of the Applied Procedure on Simulated and Real Case Study

To study the Alfvénicity in the inertial range in the SW turbulence, adiabatic invariants
are widely used, like the normalized cross helicity σc and the normalized residual energy
σr ([26] and references therein):

σc =
e+ − e−

e+ + e−
(15)

σr =
ev − eb

ev + eb (16)

where e+ and e− are the variances related to Elsässer variables z+ and z−, whereas ev is the
velocity variance and eb is the magnetic field variance in Alfvén units. For a pure Alfvén
wave we expect σr → 0 and σc → ±1.
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3.1. Application to Syntetic Data

Therefore, to check the Alfvénicity in our cases, we computed these quantities both
in the absence and in the presence of Alfvén waves. In the absence of Alfvén waves (see
red and blue dashed curves in panel a of Figure 9) σc → 0 and σr → 1 as expected for a
compressional wave. When Alfvén waves, localized in the shaded region, are added, there
is the opposite scenario: σc → 1 and σr → 0 as expected for Alfvén waves.

Figure 9. Panel (a) shows the normalized cross helicity σc and the normalized residual energy σr

computed in the absence of Alfvén waves (AW) (dashed lines) and the same quantities computed in the
presence of AW (solid line). Panel (b) shows the normalized power P‖ aligned to the main magnetic field
and the one orthogonal to it P⊥. The vertical dashed pink line refers to the transition from the CIR to the
HSS region of the simulated corotating stream. The vertical dashed green line refers to the transition
from the HSS region to the RR. The shaded region is the one containing Alfvén ULF waves.

The behavior of these variables in the compressive region is due to the wide variability
of the stream in this region. Indeed, while for a purely Alfvén wave in a homogeneous
plasma, the method using Elsässer variables is strictly valid, for a compressible and inho-
mogeneous plasma pure MHD waves are no longer normal modes, but the waves become
coupled or show mixed nature between the Alfvénic and the magnetosonic one. In this
case, magnetosonic waves are described by both z+ and z-, and cannot be separated inward
and outward from the background field [43].

In our test, we can compute two quantities that we can compare with σc and σr
to obtain more information about the characteristics of fluctuations. We performed the
spectral analysis of both magnetic and velocity components in the MEMFA reference frame,
to define the normalized power related to the two main directions: the one aligned and
the one orthogonal to the main ambient field. Obviously, power is a scalar quantity, hence
subscriptions ‖ and ⊥ refer to the components used to calculate the power itself. We define
P⊥ = PV⊥ + PB⊥ |V where PV⊥ is the sum of powers of Vφ and Vν, and PB⊥ |V is the sum of
powers of Bφ and Bν both re-scaled to velocity dimensions. At the same way, we define
P‖ = PV‖ + PB‖ |V where PV‖ is the power of Vµ and PB‖ |V is the power of Bµ re-scaled
to velocity dimensions. Alfvén waves are characterized by perturbation in the direction
orthogonal to the main field, therefore we expect a prevalence of P⊥ in their presence.

In panel b of Figure 9 are shown P⊥/PTot in blue and P‖/PTot in red (where PTot is the
total power), both defined in the range [0, 1]. In the shaded region, which corresponds to
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the one with Alfvén waves, P⊥/PTot is greater than P‖/PTot, as expected. There is a well-
founded correspondence (r = 0.95) between σc and P⊥/PTot and also (r = 0.88) between σr
and P‖/PTot, in the MEMFA reference frame.

3.2. Application to Real Event

We applied the same procedure to a real event, for a high-velocity stream from 9 to
15 August 2008 (solar minimum activity).

Figure 10 shows the results (smoothed over 36 h) obtained with the procedure applied to
the real case study. In the top panel are plotted the normalized cross helicity σc (in blue) and the
normalized SW power P⊥/PTot (in yellow) orthogonal to the main field. In the middle panel
are plotted the normalized residual energy σr (in green) changed in sign and the normalized
SW power P‖/PTot (in red) aligned to the main field. In the bottom panel is shown the moving
correlations (over 48 h) between the two quantities (σc and P⊥/PTot) shown in the top panel
(in yellow) and between the two quantities (σr and P‖/PTot) shown in the middle panel (in
red). The correlation gives us an idea of how well the two procedures are in agreement with
each other. From the beginning of DoY 223 to the end of DoY 225, we observe that both
correlations have similar trends and both correlations have almost high values (except for a
quick decrease at the beginning of DoY 224). These results suggest a good accordance between
the two methods used. After DoY 226, the correlations decrease, suggesting that the two
methods give different information. When there is accordance between the two methods and
σc and P⊥/PTot reach high values, we are confident there are Alfvén waves. When there is still
accordance between the two methods and σc and P⊥/PTot values are low, we are confident
that there are no Alfvén waves. When the two methods are not in agreement, there could be
the presence of isotropic waves also in the orthogonal direction.

Figure 10. Top panel: smoothed −σc in blue and P⊥/PTot in yellow. Middle panel: smoothed −σr

in green and P‖/PTot in red. Bottom panel: moving correlation (rmov) between −σc and P⊥/PTot in
yellow, and moving correlation between −σr and P‖/PTot in red.
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4. Discussion and Conclusions

We described a new method that allows us to define an inertial rotated reference
frame aligned to both the main magnetic and electric field, where we can easily identify
Alfvén waves, also in the presence of noise. This method is easily adaptable to a general
context. Previously, investigations in the SW were conducted by [33], regarding long-lasting
upstream waves. In their study, the authors showed that the wave energy conservation
from the original geocentric reference frame to the MFA reference frame was satisfied as
expected for a rotation procedure, by using a specific EMD-based algorithm. It is well
known that the SW more efficiently transfers its energy to the Earth system during time
intervals characterized by IMF–magnetosphere coupling, due to negative values of the Bz
component of the IMF, which in turn corresponds to a down-dusk IEF component.

High-Intensity, Long-Duration, Continuous AE Activity (HILDCAA) events seem to
be related to HSS, to the Alfvénic fluctuations therein, and to the long-lasting Bz fluctuations
in the corotating SW streams; those waves are able to modulate geomagnetic activity as
investigated by [21,22,35,44]. The geomagnetic activity enhancements, also occurring
during those events, also affect the ionosphere, thermosphere, and atmosphere parameters,
as reported in many works (e.g., [45–49]). Therefore, it is important to study the SW origin
of the geomagnetic activity enhancements related to the SW corotating streams for a better
study of the Sun–Earth interactions.

In this work, we improved the over-mentioned EMD rotation procedure by also
considering the main IEF direction; the constraint to this second direction led us to the
MEMFA reference frame. In this context, the procedure here proposed easily allows us to
simulate waves with specific characteristics, such as Alfvén waves. We also showed the
capability of the MEMFA method in separating waves by selecting a reasonable time scale,
in the presence of noises.

Here, we reproduce an analytic corotating SW stream profile to test the procedure
and its reliability with a MC test. Based on MC test results, we notice a high correlation
(r > 0.7) for SNRA > 2.0 for both the magnetic and the velocity component in the case of
white noise; it means that the signal (total signal–noise), in terms of amplitude, is greater
than 2/3 (∼66%) of the total signal. In the case of red noise, we notice as well a high
correlation (r > 0.7) for SNRA > 4.1 for the magnetic component and for SNRA > 3.7
for the velocity component; the corresponding signal percentage, in terms of amplitude,
is ∼80% of the total one. The presence of red noise does not change the result much.
It introduces only a small slowdown in the growth rate of the correlation of Vφ, which
however is well recognized by the rotation procedure as the only component containing
Alfvén waves. The higher extrapolated SNRA in correspondence to the same r = 0.7,
for the red noise case, is clearly due to the auto-regressive process of the first order (AR1),
which is greater than 0 (for white noise).

This work aims to study the Alfvén waves directly in the MEMFA reference frame.
To check the reliability of the proposed procedure, we compared our results with that found
via the two invariants, σc and σr, computed via Elsässer variables.

We found a good correspondence between σc and P⊥/PTot and between σr and P‖/PTot,
both in the simulated case (r(σc, P⊥) = 0.95 and r(σr, P‖) = 0.88, related to HSS+RR) and
in a real case study, carefully estimated by moving correlation. In the real case study,
a global correlation between the two invariants and the powers in the MEMFA reference
frame reaches values ∼ 0.9 related to the long-term variation. The method based on the
normalized cross helicity and normalized residual energy can be well-supported by the new
proposed procedure, making the identification of Alfvén waves in the experimental data
clearer. This aspect is particularly evident in the case study reported during the HSS region,
which is the one where Alfvén waves are mostly present. A less clear correspondence
between the two methods is found in the RR, possibly attributed to the filtered time series
at time scales TS > 6 hours required for the EMD separation in the MEMFA rotation
procedure; this filter procedure was not performed in computing the two invariants. This
means that during the HSS the spectral contents of the two timerange utilized to compute



Remote Sens. 2023, 15, 4679 19 of 21

the two invariants and the SW powers in the MEMFA frame are almost the same, while in
the RR the two spectral contents differ.

The MEMFA reference frame can allow us to collect information not only in the main
magnetic field direction but also in the main electric field one, which is the most geoeffective
component in the proximity of the magnetosphere; this aspect makes the MEMFA reference
frame useful in space weather investigations.
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Acronym List

The following acronyms are used in this manuscript:

AW Alfvén Waves
CIR Corotating Interaction Region
DoY Day of Year
EMD Empirical Mode Decomposition
HEE Heliocentric Earth Ecliptic
HILDCAA High-Intensity, Long-Duration, Continuous AE Activity
HSS High-Speed Stream
IEF Interplanetary Electric Field
IMF Interplanetary Magnetic Field
MC Monte Carlo
MEMFA Mean ElectroMagnetic Fields Aligned
MFA Mean Field Aligned
RN Red Noise
RR Rarefaction Region
SW Solar Wind
SNR Signa to Noise Ration
WN White Noise
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