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Abstract –We analyze the amplitude scintillation on L-band signals over San Miguel de Tucumán
(Argentina), focusing on the multi-scale variability and speculating on the possible relationship between
forcing factors from the geospace and the ionospheric response. The site is nominally located below the
expected position of the southern crest of the Equatorial Ionospheric Anomaly (EIA). For this scope, we
concentrate on the period 1–31 March 2011, during which one minor and one moderate storm characterize
the first half of the month, while generally quiet conditions of the geospace stand for the second half.
By leveraging on the Adaptive Local Iterative Filtering (ALIF) signal decomposition technique, we
investigate the multi-scale properties of Global Navigation Satellite Systems (GNSS) amplitude scintillation
and helio-geophysical parameters, looking for possible cause-effect mechanisms relating the former to the
latter. Namely, we identify resonant modes in the Akasofu (e) parameter as likely related to the frequency
components in the time evolution found for the amplitude scintillation index, hence modulating the
scintillation itself.
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1 Introduction

At low latitudes, the morphology of the magnetic field and
the electrodynamics of the Earth’s ionosphere may allow the
formation of post-sunset Equatorial Plasma Bubbles (EPBs).
EPBs are known as the principal responsible for the ionospheric
scintillation of Global Navigation Satellite Systems (GNSS)
signals (see, e.g., Yeh & Liu 1982; Kintner et al., 2009). In fact,
plasma density irregularities embedded in post-sunset EPBs
present a wide spectrum of spatial scales that include also those
below the Fresnel’s scale for L-band signals, being of the order
of hundreds of meters. Such a scale identifies the effective sizes
to produce amplitude scintillation due to diffraction effects
(Wernik & Liu, 1974; Wernik et al., 2003). Occurrence of

small-scale irregularities due to post-sunset EPBs maximizes
in correspondence with the expected position of the crests of
the Equatorial Ionospheric Anomaly (EIA) and their formation
is due to the interplay between electrodynamics (E � B drift)
and gravitational forces (Rishbeth, 1971; Jin et al., 2008;
Kelley, 2009; Fejer, 2011; Balan et al., 2018).

Solar events disturb the regular behavior of the magneto-
sphere-ionosphere system, leading to meaningful changes in
the occurrence of ionospheric irregularities producing scintilla-
tions. The local day-to-day variability of the irregularities
formation and the cause-effect mechanisms linking geospace
drivers and found patterns on L-band scintillation are still
challenging for the community.

In particular, solar transients affect the magnetosphere-
ionosphere system, possibly leading to a meaningful variation
of the electrodynamics of the low latitude ionosphere. Indeed,*Corresponding author: luca.spogli@ingv.it
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changes in the Equatorial Electrojet (EEJ) due to the external
forcing modify the E � B and then the uplift of the F-layer at
the post sunset hours, the position of the crests of the EIA
and the occurrence of small-scale irregularities embedded in
the post-sunset EPBs.

Such modifications have a dependence on the local time of
the storm development (Aarons, 1991) and can either results
into an intensification (“super-fountain effect”) or a suppression
of the irregularities formation. Both effects have been inten-
sively studied in recent and past storms (see, e.g., Tsurutani
et al., 2004, 2008; Abdu, 2005; Mannucci et al., 2005; Abdu
et al., 2009; Balan et al., 2010; Muella et al., 2010; Zong
et al., 2010; Alfonsi et al., 2011, 2013; Astafyeva et al., 2016;
Spogli et al., 2016; Tulasi Ram et al., 2016; Olwendo et al.,
2017; Piersanti et al., 2017; Venkatesh et al., 2017).

The Prompt Penetration Electric Fields (PPEFs) and the
Disturbance Dynamo Electric Fields (DDEFs) are the two main
processes responsible for the intensification/suppression of the
small-scale irregularities formation. Both are due to the dynam-
ical coupling between solar wind, magnetosphere and iono-
sphere and are originated in the high-latitude ionospheric
sector. In specific, PPEFs are electric fields originating in the
outer magnetosphere or in the solar wind that propagate across
the Earth’s magnetic field line. PPEFs were discovered by
Nishida (1968) and their dynamics is triggered by the under/
over-shielding conditions due to the relative intensities of the
Region 1 (R1) and Region 2 (R2) field-aligned currents (FACs).
Their imbalance following the different phases of a geo-
effective solar storm theoretically explains the PPEF (Abdu
et al., 2009; Wei et al., 2015; Fejer et al., 2017).

DDEFs are due to the variations in the circulation of the
neutral winds induced by auroral heating processes, mainly
Joule heating, during storms. The heating in the high-latitude
region results into cross-equatorial winds that disturb the neutral
thermospheric circulation ruling the equatorial electrodynamics.
DDEFs have a delay of 1–3 h with respect to PPEFs in affecting
the low latitude ionosphere (e.g., Scherliess & Fejer, 1997).

Notwithstanding the current understanding about PPEF and
DDEF mechanisms, a complete picture of how cause-effect
chain develops from the interplanetary drivers to the ionospheric
response recorded at ground is still challenging for the
community.

In this work, we study the scintillation patterns on GNSS
signals recorded in San Miguel de Tucumán (26.9� S,
65.4� W, Argentina), a site located under the southern crest of
the EIA (magnetic latitude 15.5� S). The chosen period is March
2011, as detailed in the next section.

In the South American sector at about �15� to �20� dip
latitude, the probability of the formation of small-scale irregular-
ities at the crests is maximum in the summer and the spring
months (Alfonsi et al., 2013; Cesaroni et al., 2015; de Oliveira
Moraes et al., 2018), when, during the post-sunset hours, the
GNSS scintillation occurs almost daily. Conversely, such prob-
ability is lower during winter and, with a lesser extent, fall
months. On average, during winter and fall, the bulk of the ion-
ization is located at lower magnetic latitude than �15� to �20�
dip latitude, i.e., toward the magnetic dip equator, with respect
to the position held in summer and spring, when the crest moves
southward (Cesaroni et al., 2015).

In particular, we provide the time scale-dependency of the
amplitude scintillation index under both disturbed and quiet

geomagnetic conditions. In fact, one of the most important
aspects of the radio amplitude scintillation is its scale-dependent
behavior, emerging from the small-scale properties of the
plasma medium, resulting into different statistical properties of
the sampled signal (Wernik, 1997; Materassi et al., 2005;
Materassi & Mitchell, 2007).

The aim is to compare such multi-scale picture with the
corresponding one derived from geomagnetic indices and Inter-
planetary Magnetic Field (IMF) parameters to catch potential
similarities. To the scope, we adopt a recently introduced data
analysis technique called “Adaptive Local Iterative Filtering
(ALIF)” (Cicone et al., 2016b). ALIF is able to efficiently
decompose nonstationary signals into components, here called
Intrinsic Mode Components (IMCs) (Piersanti et al., 2018).
Detailed description of the technique, of its capabilities and
performance against other standard techniques is addressed in
the recent literature (Cicone et al., 2016a, 2016b; Cicone &
Zhou, 2017; Cicone & Zhou, 2018; Piersanti et al., 2018;
Cicone, 2019; Cicone & Dell’Acqua, 2019) and the basic
principles are recalled in the next section.

2 Data and methods

The ionospheric scintillations are commonly monitored by
means of special GNSS receivers that, thanks to a dedicated
firmware, derive the main ionospheric parameters by sampling
the amplitude and the phase of the signals at high rate, typically
50/100 Hz. One of these receivers is operating since October
2010 in San Miguel de Tucumán. The location of the receiver
and its field of view projected at the ionospheric height of
350 km and considering an elevation larger than 50� are shown
in Figure 1.

The special GNSS receiver is a GSV4004B GPS Iono-
spheric Scintillation TEC monitor (GISTM). The GSV4004B
is based upon a Novatel OEM4 receiver equipped with a low
phase noise Oven-Controlled Crystal Oscillator (OCXO). It is
also provided of a dedicated firmware able to compute, from
50 Hz samples, the amplitude and the phase scintillation indices
(S4 and ru, respectively) from the GPS L1 (1575.42 MHz) sig-
nal (Van Dierendonck et al., 1993). The proposed study focuses
on the amplitude scintillation index S4 alone, estimated every
minute for every satellite in view.

To both discuss the multi-scale properties of the amplitude
scintillation and to represent the overall amplitude scintillation
over San Miguel de Tucumán every minute, we consider an
averaged S4, as:

jS4 tð Þj ¼
P

iS
vert
4i tð Þja>50�

N
ð1Þ

In equation (1), N is the total number of satellites in view by
the receiver with elevation a larger than 50� at a time t and
Svert
4i tð Þ is the value of the S4 recorded by the ith satellite and

projected to the vertical according to the following formula:

Svert
4i ¼ S4i= F að Þð Þpþ1

4 ð2Þ
in which p is the phase spectral slope, here assumed to be
p = 2.6 (Spogli et al., 2009, 2013; Alfonsi et al., 2013), and
F(a) is the obliquity factor defined by Mannucci et al. (1993):
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F að Þ ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� RE cos a

REþH IPP

� �2
r ð3Þ

In formula (3), RE is the Earth’s radius and HIPP is the alti-
tude of the ionospheric pierce point, assumed to be located at
350 km. The arbitrary threshold a > 50� in equation (1) is the
best compromise to have both a continuous time series and a
narrow field of view able to cover a single ionospheric sector.
Details about strengths and weaknesses when using a vertical-
ized scintillation index are discussed in Spogli et al. (2013).
In other word, equation (1) defines the average of the S4 values
measured for each satellite in view above 50� elevation. In anal-
ogy to Sanz et al. (2014) and Cherniak et al. (2014), this
approach allows obtaining a single time series that we assume
to represent the overall scintillation conditions on the receiver’s
overhead. In the remainder of the text, we will refer to |S4(t)| as
S4(t) or simply as S4, removing the time-dependency from the
notation. As from Figure 1, the chosen elevation mask is able
to make the overall scintillation index defined in equation (1)
as a good proxy to depict the scintillation conditions in a narrow
ionospheric sector located below the southern crest of the EIA.

The period taken into account is 1–31 March 2011, which
was characterized by disturbed geomagnetic conditions in the
first half of the month and quiet in the second one. The dis-
turbed conditions were driven by a fast solar wind stream

induced by a recurrent coronal hole hitting the Earth’s magne-
tosphere during the early hours of 1 March 2011, resulting into
a minor (G1) geomagnetic storm (minimum Dst = �88 nT,
maximum Kp = 5) that lasted approximately until the end of
6 March 2011. Signatures of significant auroral activity are
present in the same days (maximum AE = 882 nT on 1 March
at 14:00 UT). In addition, a Coronal Mass Ejection (CME)
erupted on 7March 2011 struck the magnetosphere on 10March
2011 at around 06:30 UT. Such CME generated a moderate
(G2) geomagnetic storm (minimum Dst = �83 nT, maximum
Kp = 6-). The recovery phase of such storm lasted approxi-
mately until the end of 16 March 2011. The signatures of auro-
ral activity were stronger than those recorded during the first
storm (maximum AE = 1462 nT on 11 March 2011 at 17:00
UT). The second half of the month was characterized by less
disturbed conditions (Kp � 4-, Dst � �18 nT), with a weaker
auroral activity, mainly recorded between 19 and 23 March
2011.

The analysis of the external drivers includes the
z-component of the Interplanetary Magnetic Field (IMF-Bz),
as measured by the Advanced Composition Explorer (ACE)
satellite (Smith et al., 1998), the y-component of the Interplan-
etary Electric Field (IEF-Ey), derived from IMF by using also
the solar wind (SW) velocity vSW measured by the ACE
(McComas et al., 1998). The indices of auroral activity AE
and AL (Davis & Sugiura, 1966) have been also considered
to identify the level of disturbance of the auroral electrojet
(AEJ), likely related to the penetrating electric fields
phenomenon.

Moreover, time series of the variation of the geomagnetic
field at the surface of the Earth due to the EEJ was obtained
by taking the difference between the horizontal North–South
(H) component of the geomagnetic field at a dip-equatorial
station (latitude within ±5�) and at an off-equatorial low-latitude
station of the same longitude sector (e.g., Rastogi, 1989;
Anderson, 2011). The stations used in this study are Kourou
(5.21� N, 307.26� E) and Isla de Pascua Mataveri-Easter Island
(27.1� S, 270.59� E).

In addition, to provide a proxy able to quantify if the energy
input by each mode found in the solar wind parameter is effi-
ciently brought into the magnetosphere, we consider also the
epsilon (e) parameter, also known as “Akasofu parameter”
(Perreault & Akasofu, 1978; Akasofu, 1981; Akasofu, 1996).
In the SI units, the e parameter is defined as:

e Wð Þ ¼ 4p
l0

vB2 sin4
h
2

� �
l20 ð4Þ

in which (vB2/l0) is the Poynting flux per unit area, h is the IMF
clock angle (tan h = IMF-By/IMF-Bz) and l0 is a scaling factor
determined empirically. As we consider time series of the e
parameter for long periods, we adopt the value l0 = 7 RE as
reported in Koskinen & Tanskanen (2002).

Time profiles of S4, of auroral activity indices, of Kp and
Dst, of IEF-Ex, of IMF-Bz, of EEJ and of e parameter for March
2011 are reported in Figure 2.

In order to study its multi-scale proprieties, S4(t) has been
decomposed using ALIF (Cicone et al., 2016b; Piersanti
et al., 2018). As a signal decomposition analysis, ALIF inherits
from the Empirical Mode Decomposition Technique (EEMD)
(Huang et al., 1998). ALIF improves EEMD technique by

Fig. 1. Location (black dot) and field of view at 350 km for 50�
elevation (black dashed circle) of the GNSS receiver in San Miguel
de Tucumán. Orange lines represent the expected position of the
dip-equator on of the isoclinic lines at �15� and �20�.
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relying on a stronger mathematical basis that ensures the con-
vergence and stability of the algorithm (Cicone & Zhou,
2018). In addition, ALIF overcomes the issues related by tradi-
tional signal decomposition techniques, such as the limited res-
olution (Cohen, 2001) and interferences in the time-frequency
domain (Flandrin, 1998). As stated in the previous section,
ALIF decomposes a given signal into functions (IMCs) oscillat-
ing around zero, each of them characterized by its frequency/
period. Then, the time series of S4(t) defined by equation (1)
has been decomposed along IMCs S4l(t), in which l indicates
its period, being its peculiar time scale of variability (multi-scale
decomposition):

S4ðtÞ ¼
XN IMC

l
S4l tð Þ þ S4res tð Þ ð5Þ

In equation (5), NIMC is the total number of IMCs of the
considered time series and S4res is the residual obtained by sub-
tracting the sum of all the computed IMCs from the original sig-
nal. Thus, S4l(t) represents the component of the S4 time series
having characteristic period l. In our analysis, the time is always
referred to the universal time (in San Miguel de Tucumán,
LT = UT � 4).

ALIF has been proved to be efficient in separating different
scales, allowing to make a scale-by-scale comparison among
different signals coming from different sources, such as solar
wind, magnetosphere and ionosphere (Bertello et al., 2018;
Piersanti et al., 2018). The multi scale analysis can then
reveal interesting features of the solar wind-magnetosphere-
ionosphere (SW-M-I) coupling, including the modification of
the electrodynamics of the low latitude ionosphere. The effec-
tiveness of ALIF in disentangling regular from irregular
variations in the investigated parameter is the key aspect of
the proposed study.

Before exposing the results of our work, a crucial clarifica-
tion is needed. Thanks to the decomposition (Eq. (5)), we can
make a quantitative comparison between time series of the lth
component of a helio-geophysical proxy (Xl(t)), being the
“cause” of the S4 variability and of the lth component of S4
(S4l(t)), being the “effect”. Since Xl(t) and S4l(t) are both decom-
posed into IMCs, we assume that the l temporal scale of the
cause drives the same-l temporal scale of the effect or at least
that this stands for range of comparable periods. In simpler
words, we compare the ranges of period l to speculate about
cause-effects mechanisms that could lead to the recorded ampli-
tude scintillation. As the phenomena involved in each step of

Fig. 2. Time profiles of (a) S4, (b) auroral activity indices, (c) Kp and Dst, (d) IMF-Bz, (e) IEF-Ey, (f) EEJ and (g) Akasofu (e) parameter for
March 2011.
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the cause-effect chain ruling the SW-M-I coupling are assumed
to have typical lifetimes smaller than the relaxation time of the
system as a whole, one may assume implicitly that the SW-M-I
system is not characterized by accumulation, hysteresis or mem-
ory mechanisms. This might not be true in general terms, as
some have questioned (see, e.g., Consolini et al., 2005). Still,
we have supposed memory effects to be negligible in this case.

3 Results

Figure 3a shows S4(t) over San Miguel de Tucumán during
the whole March 2011. The scintillation found in correspon-
dence with the geomagnetic storm, having its commencement
on 10 March 2011, have been also addressed in Alfonsi et al.
(2013), in which also its relationship with several types of
Spread-F, recorded by a co-located ionosonde, is highlighted
and discussed in detail.

The peaks in the time profile (Fig. 3a) depict the amplitude
scintillation to take place roughly “once per day”, mainly during
the first half of the month. This is likely due to the disturbed
conditions induced by the two storms occurring in the first half
of the month that may result into a mapping of the EPB above

San Miguel de Tucumán. Along the considered period, there is
an alternation between days with and without scintillation, and
we would like to characterize these changes with the proposed
multi-scale approach.

Figure 3b reports the relative energy ErelðlÞ ¼
< S2

4l>=< S2
4 > (being < � � � > a time average) of each IMC

S4l as a function of the ALIF-equivalent period l expressed in
days. The values of Erel provide the relative weight of the
energy budget of the single IMC with respect to the overall
energy (integrated over all time scales). This indicates how
the single time scale is significant with respect to the others
(see, e.g., Bertello et al., 2018; Piersanti et al., 2018). We notice
that IMCs having a difference in frequency below 10�5 Hz are
considered as a single IMC and merged. The trend term is
removed from the analysis and is not considered hereafter.
Then, the obtained number of meaningful IMCs is NIMC = 57.

The behavior of Erel(l) is characterized by larger values at
low and high periods, while a plateau is present in the middle
of the spectrum. According to this behavior, we define three
different ranges of l, according to Table 1.

Figure 3c–e shows the reconstruction of S4L, S4M, S4H, as
the sum of the IMCs corresponding to the low, middle and high
regimes, respectively:

Fig. 3. (a) S4 time profile over San Miguel de Tucumán during March 2011. (b) Relative energy of each intrinsic mode component of the S4
index as a function of the period (in days); colors indicate three different intervals of periods: low periods (yellow), middle periods (red) and
high periods (green). (c–e) Report the time profiles of the sum of the S4 intrinsic mode components of the low (S4L), middle (S4M) and high
(S4H) periods, respectively.
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S4LðtÞ ¼
XIMC9

IMC1
S4lðtÞ

S4MðtÞ ¼
XIMC44

IMC10
S4lðtÞ

S4H ðtÞ ¼
XIMC57

IMC45
S4lðtÞ

8>>>><
>>>>:

ð6Þ

We notice the reader that the proposed multi-scale analysis
decomposes the S4 time series, positive by definition, into IMCs
that present negative values. Such negative values are because
the baseline of the considered time series is not zero and S4l’s
are fluctuations around such baseline. Despite the meaningless
of the negative values, the decomposition allows quantifying
the relative importance of each modes composing the total S4
time series.

Since we are investigating the formation of the small-scale
irregularities embedded in the post-sunset EPBs and resulting
into a day-to-day variability of the scintillation, we concentrate
on the S4H, alone, i.e., for periods larger than 10.8 h. As from
Figure 3b, we are aware that the study of the low-periods regime
is of great interest to understand the dynamics of the scintillation
triggering, but it is out of the scopes of this paper and worth of a
dedicated paper.

Thus, the 24-hour component S4_IMC53(t) = S4-24H(t) has
been isolated from the other IMCs of the high-periods regime
and S4* has been defined as the sum of all IMCs of the high
period components having periods strictly less than 24-hour.
We let the reader notice that the relative energy of the 24-hour
and of its harmonic at 48-hour are the most energetic, indicating
that the “once-per-day scintillation” is energetically meaningful
and that it is the principal effect at ground in the characterization

Table 1. Range of periods and corresponding IMCs.

Name IMCs Periods

Low periods (L) From IMC1 to IMC9 l < 28.8 min
Middle periods (M) From IMC10 to IMC44 28.8 min � l < 10.8 h
High periods (H) From IMC45 to IMC57 l � 10.8 h

Fig. 4. (a) Same as Figure 2a. (b) Time profile of S4H (black solid line), S4-24H (green solid line), being the intrinsic mode component having
1-day period, and S4* (red dashed line).
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of the scintillation under the crests of the EIA. The presence of
the 48-hour components, and of components with l > 1 day in
general, is an intriguing feature, that deserves further assessment
and consolidation with accumulated statistics. The present case
allows only tentative speculations. It may indicate that the pres-
ence of the scintillation is a phenomenon involving only the day
in which it occurs, but it has somehow a sort of hysteresis, that
modulates the scintillation patterns. Furthermore, the 48-hour
component could be influenced by the 2-day oscillation of the
EIA due to planetary waves modulating the tidal wind (Chen,
1992).

Figure 4 reports the superposition of S4*, S4H and S4-24H.
Doing so, we try to single out those features of the long period
fluctuations not due to the “regular” post-sunset phenomena giv-
ing rise to EPBs: S4*(t) should then represent the time series of
perturbations to the regularity of post-sunset scintillation. The
most intriguing feature is that the phase difference between

S4-24H and S4* seems to result into constructive and destructive
interference, enhancing or suppressing S4H, respectively.

The interplay between S4* and S4-24H leads to a meaningful
enhancement of S4H between 11 and 12 March 2011, also in
correspondence with the peak of the auroral activity and with
the absence of scintillation during the recovery and peak phases
of the March G1 and G2 storms. Thus, the IMCs found in the
high period range hours (except for the components having
l � 24 h) create a modulation of the 24-hour component, lead-
ing to the intensification/depletion of the scintillation activity.

To speculate on the role of the helio-geophysical proxies
found in the IMCs of S4 and, in particular, on how temporal
scales found in the proxies drive the same temporal scale(s)
of the effect, we separate the considered datasets in the first
(1–15) and second (16–31) half of March 2011. This allows
comparing between disturbed (1–15 March) and quiet (16–31)
conditions of the geospace.

Fig. 5. Relative energy of each intrinsic mode function as a function of the period (in days) calculated for (a) S4, (b) Equatorial Electrojet,
(c) AL index, (d) AE index, (e) IMF-Bz, (f) IEF-Ex and (g) e parameter. Red curves are for 1–15 March 2011, while green curves for the period
16–31 March 2011. Similarly to Figure 3, shaded colors (yellow, red, green) indicate three different intervals of periods: low periods (yellow),
middle periods (red) and high periods (green). Black dashed lines indicate 12 h, 1 day and 2 days, respectively, while the red-dashed line is in
correspondence with 18 h.
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Similarly to Figure 3b, Figure 5 shows the relative energy
Erel of each IMC as a function of the period calculated for S4
[(a), same of Fig. 3b], EEJ (b), AL index (c), AE index (d),
IMF-Bz (e), IEF-Ey (f) and e parameter (g). Red curves are
for 1–15 March, while green curves for 16–31. Similarly to
Figure 3b, colors indicate three different intervals of periods:
low periods (yellow), middle periods (red) and high periods
(green). To better highlight the features of the IMCs found for
all the investigated quantities, a zoom in the high-period range
up to 1.1 days has been provided in Figure 6. We let the reader
notice that the set of frequencies/periods of the IMCs is the
same for quiet and disturbed conditions, as we first decomposed
the signal by considering the datasets for whole March 2011,
and then we separated the IMCs according to the first and sec-
ond half of the month. This allows a mode-to-mode comparison,
focusing on IMCs intensification or depletion under quiet and
disturbed conditions.

It is interesting to note that for S4, the relative energy of the
IMCs in the high period regimes is generally larger for disturbed
conditions than for quiet conditions. For both geospace condi-
tions, the IMC at 1 day and its harmonics at 2 days are present.
The most intriguing difference is the intensification of the IMC
at 16.3 h (red dashed line in Fig. 5), that is characterized by a
larger Erel with respect to the other IMCs in the range 10.8 h

to 1 day. As already visible in Figure 3b, the IMCS at 16.3 h
is the most energetic component of S4*, being responsible for
the already highlighted constructive and destructive interfer-
ence, enhancing or suppressing S4H, respectively.

Concerning the helio-geophysical proxies, it is interesting to
note that the modes at l = 0.5 days and l = 1 day are clearly pre-
sent for the EEJ in both quiet and disturbed conditions. This is
an expected feature of the low-latitude ionosphere, well depicted
by ALIF, as it represents the daily changes of the EEJ at the pas-
sage of the solar terminator. This is another proof of the reliabil-
ity of the technique in providing useful information on
geophysical signals. The Erel of the EEJ modes for quiet and
disturbed days almost overlap. In the high-periods regime, small
differences are found for l = 0.5 days and l = 1 day, for which
disturbed periods have slightly lower relative energies than the
quiet ones, and for l = 4 days for which the vice-versa stands.
This may indicate that the disturbance does not affect the pres-
ence of the diurnal and semidiurnal variations of the EEJ, which
is mainly driven by the photoionization and neutral winds
circulation in the thermosphere.

Concerning the auroral indices, under disturbed conditions,
the 24-hour component is the most energetic and in both AE and
AL signatures. Beside the 24-hour, the component at 0.78 days
(18.7 h) is the one which shows larger differences between quiet

Fig. 6. Zoom of Figure 5 in the high-period range, up to 1.1 days.
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and disturbed days. The westward AEJ, whose intensity is
parametrized by AL, is one of the key parameters to measure
the geoeffectiveness of the penetration of the interplanetary
electric field during magnetic substorms (see, e.g., Lyatskaya
et al., 2009).

According to panels e and d of Figures 5 and 6, for what
concerns the IMF-Bz, no meaningful distinction between
disturbed and quiet times is found for l < 1 day, while for
IEF-Ey, the relative energy of the IMCs in the high-period
range, up to 1.1 days, is significantly larger during quiet times
than during disturbed ones.

Conversely, it is worth noticing that the relative energy of
the e parameter under disturbed conditions (Fig. 5g) indicates
that the modes between l = 0.5 days and l = 1 day are in general
more energetic than for quiet conditions. Namely, two meaning-
ful increases of Erel occur at 0.72 days (17.3 h) and between
0.86 days (20.6 h) and 1 day. In the same range of periods,
the Erel corresponding to quiet times shows similar behaviour
but significantly lower values. This allows speculating that the

modes present in the solar wind during disturbed conditions
may be more effective in transferring energy from the solar
wind into the magnetosphere than under quiet conditions.
This somehow confirms what is known, although highlighting
what are the resonant modes through which the transfer of
energy is made.

This may suggest that the found e parameter IMCs in the
same period range (0.5 < l < 1 days) are energetically meaning-
ful too and may result into the corresponding IMCs of the S4
signal, as stated above.

To highlight the correlation between S4 and the energy input
from the solar wind, Figure 7 reports the instantaneous (1-min)
relative energy of each intrinsic mode function of the S4 (a) and
e parameter (b) as a function of the day of March 2011.

Focusing on the IMF characterized by l = 16.3 h, it enhances
two times (#1 and #2) during the first half of the month, as high-
lighted by the red-shadowed boxes labeled as 1 and 2 in Figure 7.
A third intensification is found also in the second half of the
month, as highlighted by the red-shadowed boxes labeled as 3.

Fig. 7. Instantaneous (1-min) relative energy of each intrinsic mode function of (a) S4H and (b) e parameter for 1–31 March 2011.
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In correspondence of enhancements #1 and #2, the Erel of the e
parameter for l = 0.72 days (17.3 h) and l between 0.86 days
(20.6 h) and 1 day are enhanced slightly in advance. For
what concerns enhancement #3, no meaningful intensification
e parameter at l = 0.72 days is found, but only with less inten-
sity in the range between 0.86 days (20.6 h) and 1 day. A small
role seems to be also played by IMCs having 1 < l < 1.5 days,
as their Erel values slightly enhance, but with lower intensity than
at 0.72 days and between 0.86 and 1 days.

4 Conclusions

In this work, we propose a novel approach to investigate the
cause-effect mechanism ruling the occurrence of GNSS scintil-
lation in the low-latitude ionosphere. Such approach allows
highlighting that some helio-geophysical parameters may be
characterized by oscillating modes that somehow influence, or
better modulate, the scintillation patterns found at ground.

Leveraging on the fine decomposition of geophysical sig-
nals provided by the ALIF technique, the multi-scale statistical
properties of the amplitude scintillation could be unveiled and
correlated with the parameters describing the conditions of the
near-Earth environment. The GNSS signals acquired over San
Miguel de Tucumán are excellent probes to investigate the
scintillation inhibition/enhancement under storm conditions
and the day-to-day variability below the southern crest of the
EIA. Such approach is here tested by using the S4 data recorded
during the March 2011, whose first half is characterized by two
geomagnetic storms and it is assumed to be representative of the
disturbed conditions, while the second half is characterized by
generally quiet conditions.

Building up an overall S4 index for the station, we high-
lighted three different ranges of periods l: low (l < 28.8 min)
and high periods (l � 10.8 h) are characterized by increased
values of the relative energy of the S4 modes, while a plateau
is present in the middle of the spectrum. This can be interpreted
as the low-periods regime relates to the triggering of the
scintillation, whereas the high-periods regime relates with its
day-to-day variation.

The focus of this work is on the high-periods regime, to
speculate about the cause-effect mechanisms leading to appear-
ance and enhancement/inhibition of the post-sunset scintillation.

According to Figure 3b, the 24-hour component is the most
energetic of the high-period regime, confirming that the scintil-
lation pattern found along the month of March is mainly driven
by the post-sunset EPB, found to map over Tucumán during the
considered period.

By considering an S4H as the sum of all modes in the high-
periods regime, the day-to-day appearance of scintillation is
found to be modulated by the interplay between the 24-hour
component (S4_24H) and the sum of all the remaining compo-
nents in the range period 10.8 h < l < 1 day (S4*). In this range,
the most energetic mode is l = 16.3 h. The phase difference
among such components modulates the dependence of the scin-
tillation appearance during post-sunset hours. By comparing
disturbed and quiet times, the l = 16.3 h mode is energetically
depleted during quiet times, while it peaks during disturbed
times. No meaningful difference in the energy of the l = 1
day mode is found between the quiet and disturbed conditions.

This reinforces the idea that the external forcing due to harsh
geospace conditions leads to the intensification of the modes
between 10.8 h and 1 day (excluded) and of the at l = 16.3 h
mode. For this reason, we analyze the main helio-geophysical
parameters to look for modes of a compatible range of periods.

Among the investigated parameters, the Akasofu’s e param-
eter is considered, being a measure of the energy input from the
solar wind parameter into the magnetosphere. Such parameter is
characterized by modes in the range of periods between 10.8 h
and 1 day. The modes at l = 0.72 days (17.3 h) and l between
0.86 days (20.6 h) and 1 day are significantly larger during
disturbed than quiet times. By looking at their instantaneous rel-
ative energy along the whole March 2011, we highlighted also
how the intensification of the above mentioned modes is found
in correspondence with the intensification of scintillation mode
at l = 16.3 h. As expected from the cause-effect chain, the inten-
sification of the e parameter identified modes precedes the inten-
sification of the scintillation mode. This may highlight how
solar wind fluctuations of such modes appear to anticipate the
corresponding modes of radio scintillation, pointing toward a
causal relationship, mediated by those resonant modes.

By investigating the other helio-geophysical parameters, we
also derived more intriguing features. Namely, we found the
modes at l = 12 h and l = 1 day as the most energetic for the
EEJ measurement. This is in agreement with the semi-diurnal
changes in the EEJ at the passage solar terminator. Moreover,
the energy of the two modes is almost comparable between
quiet and disturbed days. This is somehow reasonable, as the
disturbance does not affect the presence of the modes, i.e., the
solar terminator effect always dominates.

Concerning the auroral indices, under disturbed conditions,
an intensification of the modes at 1 day and 18.7 h is found.
In addition, the same signature in the auroral activity in the
range 10.8 h < l < 1 day modes is found. This may be related
to the fact that the increased AL/AE is a direct signature of
the geoeffectiveness of the penetration of the interplanetary
electric field during magnetic substorms (see, e.g., Lyatskaya
et al., 2009).

An outstanding issue is the behavior of the found modes for
the interplanetary magnetic and electric fields. In fact, unexpect-
edly the modes of the two fields are generally lower during
disturbed than quiet times, while the contrary stands in the
mid-periods (28.8 min � l < 10.8 h) regime.

Our analysis shows how the time-frequency structure of the
amplitude scintillation on GNSS signals can be characterized in
terms of the resonant modes found in the combination of the
Akasofu parameter. When assessed statistically, the proposed
study may pave the way to the development of models driven
by interplanetary parameters aimed at characterizing the scintil-
lation on L-band signals. The detection of resonant modes in the
identified parameters can be used to define the Space Weather
impact on GNSS signals recorded at ground.
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