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Key Points:

e We estimated zonal drift velocity of small-scale ionospheric irregularities by means of spaced GNSS receivers technique in Brazil.
e We validated our results against independent measurements and an empirical model.

e We found a very good correlation between zonal drift velocy of the small-scale irregularities and amplitude scintillation occurrence
during post-sunset hours.
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Abstract: We estimate the zonal drift velocity of small-scale ionospheric irregularities at low latitude by leveraging the spaced-receivers
technique applied to two GNSS receivers for scintillation monitoring installed along the magnetic parallel passing in Presidente Prudente
(Brazil, magnetic latitude 12.8°S). The investigated ionospheric sector is ideal to study small-scale irregularities, being located close to the
expected position of the southern crest of the equatorial ionospheric anomaly. The measurement campaign took place between
September 2013 and February 2014, i.e. equinox and summer solstice seasons under solar maximum, during which the probability of
formation of small-scale irregularities is expected to maximize. We found that the hourly average of the velocity increases up to 135 m/s
right after the local sunset at ionospheric altitudes and then smoothly decreases in the next hours. Such measurements are in agreement

with independent estimations of the velocity made by the Incoherent Scatter Radar located at the Jicamarca Radio Observatory
(magnetic latitude 0.1°N), by the Boa Vista lonosonde (magnetic latitude 12.0°N), and by applying a recently-developed empirical
regional short-term forecasting model. Additionally, we investigated the relationship with the percentage occurrence of amplitude
scintillation; we report that it is exponentially dependent on the zonal velocity of the irregularities that cause it.

Keywords: ionospheric irregularities; GNSS; scintillation; plasma drift velocity; low-latitude ionosphere; spaced receivers; Equatorial

Plasma Bubbles

1. Introduction

A deep understanding of the ionospheric phenomena affecting
the Global Navigation Satellite System (GNSS) signals propaga-
tion benefits from analysis of the dynamics of ionospheric plasma
density irregularities. In fact, GNSS signals are affected not only by
the phase advance and group delay induced by the presence of
the ionosphere, but also by amplitude fluctuations due to diffrac-
tion effects, i.e. scintillations (see Ghobadi et al., 2020 and refer-
ences therein), that are caused by “small-scale” irregularities,
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those whose sizes are below the Fresnel’s scale (hundreds of
meters for L-band signals). lonospheric refraction and diffraction
effects can threaten GNSS-based applications, leading, for ex-
ample, to a degradation of the positioning accuracy (see, e.g., Park
etal, 2016; Morton et al., 2020).

At low latitudes, the main cause of the formation of small-scale ir-
regularities is the evolution of Equatorial Plasma Bubbles (EPBs),
which are generated primarily by generalized Rayleigh-Taylor
(R-T) instability processes (see, e.g., Woodman and La Hoz, 1976;
Yokoyama et al., 2014). The principal (but not unique) source of
seeding of EPBs is the Pre-Reversal Enhancement (PRE), a
strengthening of the eastward electric field at the local sunset
that boosts the uplift of the ionospheric F-layer following the in-
creased E x B intensity (see, e.g., Fejer, 2011; Balan et al., 2018 and
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references therein). The probability of EPB occurrence generally
increases with PRE strength (Huang CS and Hairston, 2015; Olla et
al., 2020). Several issues are still open for the modelling of EPBs
formation and dynamics, which translate into challenges for the
scintillation mitigation on GNSS signals, such as the relative im-
portance of driving forces, local seeding on the day-to-day variab-
ility of EPB occurrence, and storm-time disturbances (see Li GZ et
al,, 2020 and references therein). The EPBs usually drift eastward in
nighttime, cover distances up to one thousand kilometers (see
e.g., Bhattacharyya et al., 2001) and are expected to be observed
in correspondence with the location of the crests of the Equatori-
al lonization Anomaly (EIA, see e.g. Cesaroni et al., 2015).

To study the velocity of the small-scale irregularities embedded in
EPBs, we have applied the spaced-receivers technique to six
months (September 2013 to February 2014) of GNSS data
sampled at 50 Hz and acquired in Presidente Prudente (Sdo Paulo
state, Brazil). Presidente Prudente (22.12°S, 51.41°W, magnetic lat-
itude 12.8°S) is in a privileged position to investigate small-scale
irregularities and their effects on GNSS (see e.g., Sreeja et al., 2011;
Spogli et al., 2013b; Cesaroni et al., 2015; Linty et al., 2018; Veettil
et al.,, 2020), since, under solstice and summer equinoctial sea-
sons and high solar flux conditions, it is located below the expec-
ted position of the southern crest of EIA.

The spaced-receivers technique has been used for decades to es-
timate movement of scintillation patterns at the receivers, as well
as to estimate the geometric properties of ionospheric plasma ir-
regularities (Basu et al., 1996; Kil et al., 2000; De Paula et al, 2002;
Ledvina et al., 2004; Otsuka et al., 2006; Muella et al., 2008, 2014,
2017). The technique is based on transmission of one or more ra-
dio waves from a remote source, i.e. an artificial satellite (in our
case, a GNSS satellite). If the frequency of the radio waves is great-
er than the ionospheric plasma frequency (or the electron gyrofre-
quency), the waves can be diffracted by ionospheric irregularities
smaller than the appropriate first Fresnel zone size (=250 m for
the GPS-L1 frequency). The diffraction effects are visible in the sig-
nal recorded by a receiver at ground as a scintillation pattern in
both amplitude and phase (Yeh and Liu CH, 1982). Using cross-
correlation (Costa et al., 1988) or cross-spectral techniques, the ve-
locity of the amplitude scintillation pattern can be evaluated, al-
lowing an estimation of the zonal velocity, shape, and orientation
of the irregularities. In this paper, results obtained with the
spaced-receivers technique are compared: (i) with similar meas-
urements made by the Incoherent Scatter Radar located at the
Jicamarca Radio Observatory (magnetic latitude 0.1°N) and by the
Boa Vista lonosonde (magnetic latitude 12.0°N); and (ii) with the
plasma velocity field reconstructed by using the empirical fore-
casting model developed by Grzesiak et al. (2018). Results relev-
ant to the correlation between zonal drift velocity of the irregular-
ities and amplitude scintillation occurrence above the moderate-
to-strong threshold are also discussed.

Section 1 provides details about the spaced-receivers technique
and about the campaign that has been set up in Presidente
Prudente to measure the drift velocity. Additionally, the main
principles underlying the Grzesiak et al. (2018) short term fore-
casting model are also recalled, together with some details re-
garding how it has been used for the purposes of our study. Sec-

tion 2 presents results and discussion; conclusions are provided in
Section 3.

2. Data and Methods

The spaced-receivers technique here applied is able to derive the
zonal velocity of small-scale irregularities (Vion) as obtained by
measuring the velocity (Vi.int) of the amplitude scintillation pat-
tern. The technique is based on the assumption that both the re-
ceivers and the source of the radio waves are sufficiently far from
the scattering medium (the ionospheric plasma) and that the rel-
ative distance between the receivers is of the order of the scale-
size of the irregularities that cause diffraction (Huygen-Fresnel dif-
fraction regime). This hypothesis is verified in the case of GNSS
signals (emitted at about 20000 km altitude) received at the
ground, by assuming the scattering medium is a single ionospher-
ic layer (located, e.g., at 350 km) and by properly spacing the re-
ceivers, as in our case. Additionally, the propagation ray-paths are
assumed straight and the signal propagation speed (speed of
light) is assumed to be much greater than the scintillation pattern
velocity, typically of the order of hundreds of meters per second,
or the satellite velocity. Furthermore, the scintillation-causing ir-
regularities are assumed to be aligned along the magnetic field
lines and moving predominantly in the East-West magnetic direc-
tion (Yeh and Liu CH, 1982).

Figure 1 depicts the idea behind the measurement of the velocity
of the amplitude scintillation pattern (Vint). Two receivers (REC1
and REC2), acquiring GNSS signals at 50 Hz, are assumed to be
spaced ~300 m from each other, i.e. about the Fresnel scale for L-
band signals. At a given time (t = t;), the signal from a given GNSS
satellite, moving with velocity Vi, is acquired by REC2 when
crossing the ionospheric small-scale irregularity moving with velo-
city Vion. This generates a scintillation pattern in the recorded sig-
nal that appears as a fading (see Carrier-to-Noise Power Ratio re-
ported in red in Figure 1a). At a time t = t; > ty, the same irregular-
ity has drifted apart and then crosses the line of sight of REC1,
generating again a scintillation pattern (Figure 1b). Under the hy-
pothesis that the irregularity’s shape and orientation do not
change between t; and t;, the scintillation patterns recorded by
the two receivers are correlated.

Spaced-receivers analysis estimates Vcnt by dividing the receivers'
separation distance by the scintillation pattern time lag between
the two receivers (estimated through a correlation analysis tech-
nigue). This measurement method is reasonable, as long as it is as-
sumed that the scintillation pattern velocity is constant during the
time lag (Kintner et al., 2004).

To enable measurements of the zonal velocity of the small-scale
irregularities over Brazil, a six-months measurement campaign
was organized between September 2013 and February 2014 in
the frame of the CALIBRA (Countering GNSS high Accuracy applic-
ations Llmitation due to ionospheric disturbance in BRAzil,
https://www.gsa.europa.eu/news/fp7-success-story-calibra-demos-
validate-tangible-results) project. The campaign was carried out in
Presidente Prudente. Figure 2 shows the location of the 3
Septentrio PolaRxS receivers (Bougard et al., 2011) deployed in
Presidente Prudente (PRU1, PRU2 and PRU3) constituting the Mi-
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Figure 1. Schematic representation of the measurement of the ionospheric irregularities zonal velocity: the irregularity moves from right to left
and encounters first the REC2 receiver (a) and then the REC1 receiver (b). The typical effect induced by the irregularity on the signal is plotted on
top right part of both (a) and (b) panels (red curve) in terms of Carrier-to-Noise Power Ratio, while blue curves represent the same quantity under

unperturbed conditions.
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Figure 2. Position of the receivers constituting the Micro Test Area
(yellow dots). Red lines indicate the position of the magnetic North-
South and East-West directions retrieved by calculatngi the
declination angle from IGRF-12 over PRU1.

cro Test Area (MTA), whose coordinates are reported in Table 1.
The magnetic declination and inclination of the MTA are —18.72°
and —30.54°, respectively. The three receivers were set to acquire
data in the interval between 22:00 UT (19:00 LT) and 04:00 UT

Table 1. List of the stations in the Micro Test Area and their
geographic coordinates.

Station ID Latitude (°S) Longitude (°W)
PRU 1 22.1200455 51. 4086718
PRU 2 221220377 51. 4070793
PRU 3 22.1190860 51.4060367

(01:00 LT), corresponding to local post-sunset hours, i.e. the hours
during which the probability of scintillation occurrence maxim-
izes. It is worth noting here that the MTA (magnetic latitude:
12.8°S) is located very close to the expected position of the south-
ern crest of the EIA, whose position, under high solar flux condi-
tions, is expected between 15° and 20° from the magnetic equat-
or (Spogli et al., 2013b; Cesaroni et al., 2015).

Such a privileged position and the fact that the campaign took
place under solsticial and summer equinoctial seasons and under
high solar flux conditions ensured the largest probability of occur-
rence of small-scale irregularities in the investigated ionospheric
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sector (Muella et al,, 2013, 2014). Moreover, the MTA was located
inside the South Atlantic Magnetic Anomaly (SAMA), where the
total magnetic field decreases. This region is characterized by a
strong longitudinal dependence on low latitude electrodynamics
(Abdu et al., 2005; Spogli et al., 2021) and by ionospheric irregular-
ities’ formation due to precipitating particles from the near pro-
ton belt, which may act as a further source of GNSS signal degrad-
ation (see, e.g., Spogli et al, 2013a), including Loss of Lock (Dama-
ceno et al,, 2020). Red lines in Figure 2 indicate the approximate
position of the magnetic parallel and meridian passing over PRU1
as retrieved by calculating the declination angle from IGRF-12
(Thébault et al., 2015). The PRU1 and PRU3 receivers are located
along the magnetic parallel (offset angle is 1.1°). In addition they
are located 294 m apart — that is, of the order of the Fresnel’s
scale of L-band signals. As a consequence, PRUT and PRU3 were
ideally separated to study the zonal velocity, which, as previously
mentioned, is predominant with respect to the meridional one
(Muella et al.,, 2014, 2017). The data acquisition during the MTA
campaign was almost continuous; few data gaps were en-
countered, resulting in better than 90% availability of common
days of data.

Considering the geometry of PRU1 and PRU3 receivers, the local
magnetic field lines, and the position of the satellites, the equa-
tion of the zonal velocity of the ionospheric irregularities is (Ledv-
ina et al., 2004; Muella et al., 2009, 2013):

hsat — h h; q q
Vion = Sath—tlon\/scint"' hl_orl|:vsatx+(q_i)vsab<+(q_i)vsatz:|, (1)
sa sa

where Vio, is the zonal velocity of the ionospheric irregularities
along the magnetic East-West direction, Vn: is the zonal velocity
of the scintillation pattern, and Vi, is the satellite velocity vector,
which can be measured by the orbital parameters in the RINEX
navigational files. The reference system is the same provided by
Ledvina et al. (2004), in which x represents the zonal direction, y is
the meridional direction, and z is the vertical direction. The values
hsat @nd hi,, are the height of the satellites (about 20000 km) and
the height of the thin ionospheric layer (350 km), respectively. The
satellite velocity vector is projected on the receivers direction as-
sumed to be coincident with the magnetic field reference frame
by the factors & and 2. Such factors depend on the satellite’s el-
evation and azir);wuth arxwgles and on the direction of the magnetic
field at the ionospheric pierce point (IPP) (see Appendix A of Ledv-
ina et al., 2004). One way to reduce the unknowns in Equation (1)
is to average over several observations, covering different obser-
vational geometries, to reduce the impact of the geometry itself
and the impact of the vertical velocity of the irregularities, here as-
sumed to be zero. By assuming that the scattering layer is located
at 350 km, and by considering observations made at an elevation
angle greater than 60°, Equation (1) can be written in the form of
Equation (15) of Ledvina et al. (2004), i.e.:

Vion ~ 0.9828 - Vging + 0.0172 - Vs (2)

in which ~ indicates the average, as described above. In the re-
mainder of the paper, we identify Vio, with Vg,

Figure 3 shows a block diagram of the algorithm to calculate Vo
starting from | and Q, i.e. the post-correlation in-phase and quad-

rature components, recorded at 50 Hz by the Septentrio PolaRxSs
in PRU1 and PRU3 (highlighted by a light green shadow in the fig-
ure), and from the orbital information in navigational files (high-
lighted by a grey shadow).

As stated in the introduction, the measure of Vi is based on the
cross-correlation estimation between the signal amplitude recor-
ded by PRU1 and PRU3. By selecting a suitable time window, it is
possible to find the optimal correlation lag between the two sig-
nals. The selected time window should be the best compromise
between avoiding false correlation peaks due to signal noise (too
short a time window) and signals de-correlation (too long a time
window). For the purpose of this study, the optimal time window
is 60 s (3000 samples). Figure 4 shows an example of cross-correla-
tion versus time lag for satellite G25 and five different couples of
1-minute data. For each correlation curve, the optimal time lag
(peak in the cross-correlation) is detected and then Vg is de-
termined by applying the following equation:

d
Vscint = t:TP:' (3)

where dppp is the distance between the two IPPs, one per receiver,
of the investigated satellite and ti,q is the optimal time lag, i.e., the
one that maximizes the cross correlation.

Thus, by applying this algorithm, Vo, is computed for each minute
using the signals simultaneously acquired from each satellite by
PRU1 and PRU3 at elevation angles larger than 60°. A threshold is
also set on the values of the peak of the cross-correlation. Only
correlations with a peak value greater than 0.8 are considered in
this work. Correlations with lower peak values could be due to the
variability of the shape of the irregularities as they move between
receivers, leading to a significant “random” characteristic velocity.

To provide insights into the meaning and usefulness of the meth-
od, we performed the following:

(i) comparison with external measurements available in the literat-
ure, as the climatological zonal velocity covering by the Jicamarca
Incoherent Scatter Radar (as reported by Fejer et al., 2005), and by
the ionosonde located in Boa Vista, as provided by the Drift Ex-
plorer tool of the Global lonospheric Radio Observatory (GIRO)
portal (Reinisch and Galkin, 2011) for the same period as that of
the MTA campaign. As discussed in the results, this was per-
formed bearing in mind the different magnetic sectors spanned
by the different kinds of measurements and the different
wavelengths used to investigate the plasma dynamics;

(if) comparison with the plasma velocity field reconstructed by us-
ing the empirical forecasting model developed by Grzesiak et al.
(2018) and further improved by Damaceno et al. (2019). Such a
model is based on the transport theory for a scalar field and as-
sumes, for a short time period, a time-independent velocity field.
It then relies on the application of the generalized form of the
continuity equation to reconstruct the velocity field from Total
Electron Content (TEC) measurements (see Equation (1) of
Grzesiak et al., 2018) as a first step in the forecasting procedure.
The method is based on the discretization of the space in
Delauney triangles, whose vertices are at the IPP of the con-
sidered ray paths. For the purpose of our study, the model was

Cesaroni C et al.: Zonal drift velocity of small scale ionospheric irregularities
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run for three days (5 to 7 December 2013), featuring the EPB oc-
currence, by using the RINEX data provided with a 30 seconds rate
by the Rede Brasileira de Monitoramento Continuo (RBMC) net-
work managed by the Instituto Brasileiro de Geografia e Estatistica
(IBGE,  https://www.ibge.gov.br/en/geosciences/geodetic-posi-
tioning/geodetic-networks/20079-brazilian-network-for-continu-
ous-monitoring-gnss-systems.html|?=&t=0-que-e).  Figure  5a
shows an example of the reconstruction obtained by means of the
model of the velocity field from TEC measurements (Vimodel) OVer
Sé&o Paulo and the corresponding Delauney triangles. The receiv-
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ers of the RBMC network used to reconstruct the field are repor-

ted in Figure 5b. The TEC was retrieved from RINEX data by apply-

ing the Gg calibration technique (Ciraolo et al., 2007; Tornatore et
al., 2021) and expressed at the IPP considering all GPS satellites in
view from the network and the ionosphere as a thin layer at 350

km;

(iii) comparison with amplitude scintillation, in terms of occur-
rence above the moderate-to-strong scintillation threshold of the
amplitude scintillation index S4 measured by the receivers in

PRU1, PRU2 and PRU3 during the MTA campaign. Starting from

of small scale ionospheric irregularities


https://www.ibge.gov.br/en/geosciences/geodetic-positioning/geodetic-networks/20079-brazilian-network-for-continuous-monitoring-gnss-systems.html?=&amp;t=o-que-e
https://www.ibge.gov.br/en/geosciences/geodetic-positioning/geodetic-networks/20079-brazilian-network-for-continuous-monitoring-gnss-systems.html?=&t=o-que-e
https://www.ibge.gov.br/en/geosciences/geodetic-positioning/geodetic-networks/20079-brazilian-network-for-continuous-monitoring-gnss-systems.html?=&t=o-que-e
https://www.ibge.gov.br/en/geosciences/geodetic-positioning/geodetic-networks/20079-brazilian-network-for-continuous-monitoring-gnss-systems.html?=&t=o-que-e
https://www.ibge.gov.br/en/geosciences/geodetic-positioning/geodetic-networks/20079-brazilian-network-for-continuous-monitoring-gnss-systems.html?=&t=o-que-e
https://www.ibge.gov.br/en/geosciences/geodetic-positioning/geodetic-networks/20079-brazilian-network-for-continuous-monitoring-gnss-systems.html?=&t=o-que-e
https://www.ibge.gov.br/en/geosciences/geodetic-positioning/geodetic-networks/20079-brazilian-network-for-continuous-monitoring-gnss-systems.html?=&t=o-que-e
https://www.ibge.gov.br/en/geosciences/geodetic-positioning/geodetic-networks/20079-brazilian-network-for-continuous-monitoring-gnss-systems.html?=&amp;t=o-que-e
https://www.ibge.gov.br/en/geosciences/geodetic-positioning/geodetic-networks/20079-brazilian-network-for-continuous-monitoring-gnss-systems.html?=&t=o-que-e
https://www.ibge.gov.br/en/geosciences/geodetic-positioning/geodetic-networks/20079-brazilian-network-for-continuous-monitoring-gnss-systems.html?=&t=o-que-e
https://www.ibge.gov.br/en/geosciences/geodetic-positioning/geodetic-networks/20079-brazilian-network-for-continuous-monitoring-gnss-systems.html?=&t=o-que-e
https://www.ibge.gov.br/en/geosciences/geodetic-positioning/geodetic-networks/20079-brazilian-network-for-continuous-monitoring-gnss-systems.html?=&t=o-que-e
https://www.ibge.gov.br/en/geosciences/geodetic-positioning/geodetic-networks/20079-brazilian-network-for-continuous-monitoring-gnss-systems.html?=&t=o-que-e
https://www.ibge.gov.br/en/geosciences/geodetic-positioning/geodetic-networks/20079-brazilian-network-for-continuous-monitoring-gnss-systems.html?=&t=o-que-e

6 Earth and Planetary Physics  doi: 10.26464/epp2021042

1.0

Satellite G25

0.8}

Sample cross correlation
o o o o
o N S o

|
o
)

—04 ; ; ; i i
-1500 -1000 -500 0 500 1000 1500
Lag (samples)
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lag. Each curve represents the cross-correlation for a time window of 1
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the raw amplitude measurements, S4 was provided by each
Septentrio PolaRxS receiver for all satellites in view (Bougard et al.,
2011) and is defined as the standard deviation of the received
power normalized by its mean value (Fremouw et al., 1978). It was
calculated on a minute-by-minute basis and corrected to com-
pensate for the thermal noise impact (see Equation (13) of Van Di-
erendonck et al. 1993). The moderate-to-strong scintillation
threshold is usually set as 0.25 (see, e.g., De Franceschi et al.,
2019). To calculate the occurrence, the elevation angle threshold
was again set to 60° and the GPS constellation was considered.

3. Results and Discussion
The behavior of the hourly averaged Vo, as a function of UT (LT =

(@
_'| 8 |
-20
v Y
g -22:
= 15
% %
-24: . - e
A
o~ o
-26 & ]
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UT-3) is provided in the black curve of Figure 6b. The error bar is
the o spread around the mean. The value of Vo rises meaning-
fully after 22:00 UT (19:00 LT) and peaks between 23:00 UT and
00:00 UT (corresponding to 20:00 LT and 21:00 LT). At those times,
a larger variability with respect to later hours is found in terms of
the recorded standard deviation. During the investigated period,
the average sunset time (+0) at the IPP altitudes over the MTA was
23:26 UT (20:26 LT) (21 minutes) range. This variability is related
to the larger standard deviation found in the earlier hours. The
Vion enhancement found in correspondence with the bin at 23:00
UT s likely the effect of the PRE, i.e. the increased eastward elec-
tric field at the evening terminator that is the main source of EPB
seeding (Li GZ et al., 2020). Moreover, as pointed out by Saito et al.
(2008), the assumption of negligible meridional drift velocity of
the irregularities is valid only if the upward drift velocity is null.
This is not satisfied during the early phases of the EPB develop-
ment (i.e. during PRE), resulting in a larger uncertainty on the zon-
al velocity of the irregularity.

As mentioned in the previous section, to validate the results, a
comparison with the measurements made by the Incoherent Scat-
ter Radar (ISR) located at the Jicamarca Radio Observatory and the
drift measurement by the Boa Vista lonosonde was performed
and is reported as blue and red curves in Figure 6b, respectively.
To show the different geographic/magnetic sector spanned by
the considered instruments, Figure 6a reports their location and
the position of the magnetic equator (orange line). The blue curve
is obtained from the climatological analysis reported in Fig. 1 of
Fejer et al. (2005), in which the authors report the hourly mean of
the zonal plasma drift velocity for the previous solar maximum
considering different seasonal and solar flux conditions. For our
comparison, we selected the curve referring to Fio7 = 120 sfu and
November-February months (mid-right panel of Fig. 1 in Fejer et
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Figure 5. (Panel a) Example of the reconstruction by the forecasting model of the velocity field from TEC measurements (Viodel) OVer Sdo Paulo
and corresponding Delauney triangulation. (Panel b) Location of the stations of the RBMC network used to produce the velocity field and position

of the magnetic parallel at —20°. (Panel ¢) Zoom out of the plot in Panel a.
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Figure 6. (Panel a) Location of the MTA, of the Jicamarca ISR, and of the Boa Vista lonosonde. Orange line represents the position of the
magnetic equator. (Panel b) Hourly mean of the ionospheric irregularities zonal velocity as measured by MTA GNSS receivers (black line, LT =
UT-3), by Jicamarca ISR (blue line, LT = UT-5) and Boa Vista lonosonde (red line, LT = UT—4). Error bars represent the +o spread around the value.

al., 2005). The red curve is obtained by averaging the hourly val-
ues of zonal drift velocity measured in the period September 2013
to February 2014 (same as the MTA campaign) by the Boa Vista
ionosonde and available in the GIRO database (Reinisch and
Galkin, 2011). Since the data for the ionosondes located close to
Presidente Prudente (i.e. Cachoeira Paulista, Campo Grande and
Santa Maria) were not able to cover the full period of investiga-
tion, Boa Vista ionosonde (magnetic latitude 12°N) was con-
sidered to be located at about the magnetic conjugate point of
Presidente Prudente (magnetic latitude 12.8°S). Error bars in the
figure represent the +o spread around the value.

The three measurements of the zonal plasma drift velocity are in
agreement, despite some differences that can be noted in the
magnitude and peaking time. Two main reasons may account for
these differences. On the one hand, the dynamics of the plasma
may differ at different locations and in different hemispheres: the
ISR is located at the magnetic equator, the ionosonde is in the
winter hemisphere and below the northern crest of the Equatorial
lonization Anomaly (EIA), while the GNSS receivers are deployed
in the summer hemisphere below the southern crest of the EIA
area. On the other hand, the instruments employ different
wavelengths and methods to probe the plasma dynamics. Spe-
cifically, the Jicamarca ISR observes scatter from irregularities with
a scale size of 3 meters, which is half the wavelength. This is the
same for incoherent or coherent echoes. Furthermore, Fejer et al.
(2005) used a split-beam method with beam separation of 6.8 de-
grees, which translates into about 40 km in the F region.
Moreover, the ionosonde measures the bottom-side ionosphere,
which is known to drift more slowly than the F-layer peak region,
where the irregularities measured by GNSS are assumed to be.
This justifies the lower values of the velocity measured by the
ionosonde (red line in Figure 6b) with respect to the one meas-
ured by GNSS and ISR (black and blue lines in Figure 6b, respect-
ively).

In addition, since irregularities with different typical scale sizes are
formed in various phases of the Rayleigh-Taylor instability growth
and evolution, ISR and GNSS investigate the zonal velocity of ir-
regularities that may form at different times and that may have a

relative motion to each other, i.e. different velocities, possibly
leading to slightly different magnitudes.

Comparison with the plasma velocity field reconstructed by using
the empirical forecasting model developed by Grzesiak et al.
(2018) was made by running the model on three days (5 to 7
December 2013), which were characterized by the formation of
small-scale irregularities in the post-sunset hours. The results of
the comparison are provided in Figure 7, which reports the hourly
mean of Vio, provided by the spaced-receivers method as a func-
tion of V5L, i.e. the magnetic East-West component of the
plasma velocity field reconstructed over Presidente Prudente by
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Figure 7. Hourly mean of Vo, provided by the spaced-receivers
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method as a function of Vﬁ i.e. the East-West component of the

odels
plasma velocity field reconstructed by using the forecasting model
developed by Grzesiak et al. (2018). For both quantities, the error bars
represent the +o spread around the value. Red curve is the linear fit,
whose functional form and coefficient of determination R? are also

reported.
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using the forecasting model, fed by the calibrated TEC data re-
trieved from the RBMC receivers in Figure 5b. For both quantities,
the error bars represent the +o spread around the value. The red
curve is the linear fit, whose coefficient of determination R2 =
0.86367 indicates a good approximation of the regression in de-
riving Vion from the V%, measurements. The quality of the re-
gression is further corroborated by the angular coefficient of the
fit, which is (with 95% confidence bounds) m = 1.108 (0.602,
1.614), being then compatible with the ideal value of 1. Addition-
ally, the value of the intercept is g = —108.1 (—205.8, —10.45) m/s,
which is not compatible with the ideal value of 0 m/s. This may be
due to biases induced by both the different nature of the two
kinds of plasma drift measurement and the fact that Vig, is meas-
ured along the magnetic parallel, while V5.4, is the plasma drift
velocity obtained (i) by evaluating the velocity field using meas-
urements covering a broader region than the MTA, and thus fea-
tured also by a larger variability of the dip angles, (ii) by project-
ing the velocity in the magnetic East-West direction and (iii) by in-
terpolating such velocity over Presidente Prudente through the
natural neighbors interpolation method (Watson, 1999). Keeping
in mind the differences of the two approaches mentioned above,
the results in Figure 7 are encouraging, owing to the fact that a
quite strong regression’s formulation can be used to link the two
measurements.

The last step of our analysis concerns the assessment of the rela-
tionship between Vj,, and the percentage occurrence of amp-
litude scintillation over the MTA. Figure 8a shows the hourly oc-
currence of S4 above 0.25 (blue histogram), usually adopted as a
threshold for identifying the moderate to strong scintillation re-
gime (see, e.g. De Franceschi et al., 2019), and the hourly mean of
Vion (black curve) with its +o spread around the value as an error
bar. The latter is the same curve reported in black in Figure 6b.
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The two quantities behave similarly, rising steeply in the range
22:00 UT to 00:00 UT (19:00 LT to 21:00 LT), reaching maximum
scintillation occurrence (at the 30% level) at 00:00 UT (21:00 LT).
Then a slow decrease is found. This behavior is linked to the oc-
currence of small-scale irregularities embedded in the post-sun-
set (~ 18-24 LT) and post-midnight (~ 00—06 LT) EPBs (Li GZ et al.,
2020). The latter induces a lower scintillation occurrence because
irregularityt formation is less probable. In fact, small-scale irregu-
larities embedded in post-midnight EPBs have a two-fold nature:
they can originate from post-sunset EPBs having long lifetimes or
can be freshly generated in the post-midnight hours, especially
under low solar flux conditions (see, e.g., Otsuka, 2018), which is
not the case of our study. Here we repeat that, despite the fact
that both the quantities reported in Figure 8a are based on the
measurements of raw amplitudes from | and Q samples, they are
independent. In fact, Vion is based on a correlation between sig-
nals from two receivers while S4 is a stand-alone measurement
from a single receiver. Currently, there is no theoretical relation-
ship justifying the proposition that high values of S4 come from
high values of Vo, and vice-versa. However, a possible explana-
tion of the relationship between the two quantities is that it could
be related to the linear growth rate y of the R-T instability, which
rules the evolution of the EPBs. This can be expressed as (Sultan,
1996):

5
V=L 2 (V- U+ g =B, )

5+
in which v = (E x B) /8’ is the upward vertical plasma drift of the
ionospheric F-layer due to the eastward electric field (E), U is the
upward neutral wind perpendicular to the magnetic field (B), g is
the gravity acceleration constant, v is the ion-neutral collision fre-
quency, L is plasma density gradient scale length, g is the recom-
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Figure 8. (Panel a) Hourly occurrence of S4 above 0.25 (blue histogram) and hourly mean of Vo, (black curve), from 22 (19) to 04 (01) UT (LT).
(Panel b) Hourly occurrence of S4 above 0.25 as a function of V,on. Red curve is the exponential fit, whose functional form and coefficient of
determination R? are also reported. In both panels, the error bars represent the +o spread around the value.
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bination rate, while Zf, and z; are the E- and F-layers field-line-in-
tegrated conductivity.

As the eastward electric E field is the main driver of the zonal
plasma motion (Muella et al., 2014), its increase leads to an in-
crease in Vion and, according to Equation (4), of the growth rate y.
As a consequence, by assuming that the irregularities inducing
amplitude scintillation are due only to the small-scale irregularit-
ies triggered by the R-T instability, the larger the Vo, the larger
the occurrence of scintillation.

To further characterize the relationship, Figure 8b reports the S4
occurrence above 0.25 as a function of Vi, The red curve is the
exponential fit, whose functional form and coefficient of determ-
ination R? are also reported. The qualitative agreement between
the two quantities observed in Figure 8a is here provided on a
quantitative basis through an empirical formula connecting the
two, whose quality is corroborated by a coefficient of determina-
tion close to 1 (R? = 0.96). This relationship highlights the role of
ionospheric dynamics in producing scintillations, i.e. the amp-
litude scintillation intensity is strongly (exponentially) dependent
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on the zonal velocity of the irregularities causing it.

The relationship between S4 occurrence and Vion is further invest-
igated through its dependence on the season. To this aim,
Figure 9 reports the same plots of Figure 8, but sorted according
to different periods: September-October 2013 (Panels a and b),
November-December 2013 (Panels c and d) and January-Febru-
ary 2014 (Panels e and f). The scintillation occurrence is maximal in
November-December 2013 and January—-December 2014.

The seasonal behavior of 54 is in agreement with previous studies
(see, e.g., Muella et al,, 2013, 2014; Cesaroni et al.,, 2015), all of
which report a larger occurrence in correspondence with the sum-
mer solstice (Panels ¢ and e) than during the equinox (Panel a).
Also the zonal wind velocity tends to be larger (and with a larger
variability) in correspondence with the summer solstice. This has
been identified to be related to increase of the Pedersen conduct-
ivity-weighted zonal wind velocity (blowing perpendicular to the
magnetic flux tube) (Sobral el al., 2009; Muella et al., 2014).

The seasonal variation of the fit of the S4 occurrence above 0.25
as a function of Vi, (Figure 9b-d-f) suggests that for a period with
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Figure 9. Same plots of Figure 8, but sorted according to different periods: September—October 2013 (Panels a and b), November-December
2013 (Panels c and d) and January-February 2014 (Panels e and f). As in Figure 8, LT = UT-3.
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lower scintillation occurrence (such as September-October 2013),
the relationship is not well defined (as shown by R? = 0.36 in Pan-
el b). On the other hand, when the S4 occurrence is larger, the re-
gression is more reliable, even if the coefficients of the fit may
vary significantly (Panels d and f). We checked also if this behavior
may be due to different geomagnetic activity conditions, obtain-
ing no significant dependence on that factor (not reported here in
order to save space). Also the number of samples used to pro-
duce the various plots in Figure 9 is consistent, indicating no
meaningful statistical effects in the reported behavior.

4. Conclusions

In this paper, we have estimated the zonal velocity of small-scale
ionospheric irregularities (Vion) by leveraging on the spaced-re-
ceiver technique (Ledvina et al., 2004) applied to data from a six-
months (September 2013 to February 2014) campaign, collected
by the receivers constituting a Micro Test Area in Presidente
Prudente, Brazil. The MTA (magnetic latitude: 12.8°S) was located
in a privileged site, since it was close to the expected position of
the southern crest of the EIA and inside the SAMA. The campaign
took place under solstice and summer equinoctial seasons and
under high solar flux conditions, ensuring the largest probability
of occurrence of small-scale irregularities in the investigated iono-
spheric sector (see, e.g., Muella et al,, 2013, 2014).

With respect to the reliability of the technique here adopted to
measure Vio,, we warn the reader that it may be biased with re-
spect to the “true” scintillation pattern velocity, because of two
different factors:

(1) The scintillation pattern evolves in time as it moves between
receivers, so the measured velocity is not the actual velocity of the
scintillation pattern. A “random” characteristic velocity due to the
changing shape of the pattern perturbs the “true” pattern velo-
city during the motion between the two receivers. In our experi-
ment, we have assumed that the random velocity can be con-
sidered negligible (“frozen-in” hypothesis) since the considered
receivers are close enough that we could reasonably consider the
shape of the irregularities to be unlikely to change between the
two receivers. The typical time lag, in fact, is about a couple of
seconds;

(2) The presence of the so-called “windowing effect” in the cross-
correlation. Cross-correlation of two scintillation patterns over a fi-
nite interval causes apparent decorrelation. This is because the
two scintillation patterns at two spaced receivers for the same fi-
nite time span are typically not the same. This effect is particularly
evident when (i) the “random” characteristic velocity is not negli-
gible; (i) the scintillations are weak or (iii) the receivers’ noise is
significant.

Bearing this in mind, our first result is the dependence of Vo, as a
function of the UT hour (LT = UT-3). We report that the hourly av-
erage of Vion in the investigated period steeply increased up to
135 + 96 m/s right after the local sunset at ionospheric altitudes
and then smoothly decreased in the later hours. This is in agree-
ment with the expected behavior due to the effect of the pre-re-
versal enhancement, which increases the eastward electric field at
the evening terminator. This is addressed as the main seed to the

formation of plasma bubbles, and as responsible for increasing
the R-T growth rate (see Equation (4)), upon which the probabil-
ity of formation of small-scale irregularities depends. This conclu-
sion is also in agreement with:

(i) The review by Li and co-authors (2020), which reports mean ve-
locities over Sanya (China) during 2011-2013 (high solar activity)
as ranging from 145 to 75 m/s during the interval 20:00-01:00 LT;

(ii) The work by Saito et al. (2008), which reports a velocity of
about 130 m/s over Phu Thuy (Vietnam) on March 2007 (low solar
activity) at 20:00 LT;

(iii) the work by Muella et al. (2014), which reports a zonal velocity
decreasing from 130 m/s at 19:30 LT to 110 m/s at 02:00 LT over
Séo Luis during the December 2002 (high solar activity);

(iv) the work by Otsuka et al. (2006), which reports (under similar
conditions of the previous solar cycle) a zonal velocity that de-
creases from as high as 150 m/s at 20:00 LT down to about 65 m/s
at 02:00 LT in the Indonesian sector.

Comparisons with measurements made by the Incoherent Scatter
Radar located at the Jicamarca Radio Observatory and by the Boa
Vista lonosonde are in reasonable agreement, taking into account
the different magnetic sectors, scales of the irregularities, and alti-
tudes probed by the different techniques.

From comparison with the plasma velocity field reconstructed by
using the empirical forecasting model developed by Grzesiak et
al. (2018), we find a reliable (R = 0.9) linear regression function re-
lating Vion with the magnetic East-West component of the plasma

velocity field reconstructed over Presidente Prudente (V5), hav-
-w
model

ing the form Vi, = 1.1 108.1 g (see Figure 7).

The assessment of the relationship between Vo, and the percent-
age occurrence of amplitude scintillation over the MTA (including
its seasonal variation) highlights that the scintillation is exponen-
tially dependent on the zonal velocity of the irregularities that
cause it. In addition, we found that, the larger the S4 occurrence,
the more reliable the exponential regression.

This work paves the way to the use of plasma drift velocity meas-
urements provided by the Grzesiak et al. (2018) model as a means
to infer scintillation occurrence. Specifically, in this work we
provide empirical formulas of the following kind: S4 occurrence =
f(Vion) and Vion = g( m;\éve,), fand g being the functional forms repor-
ted in Figure 8b and Figure 7, respectively. We recall here that
they have been obtained on a different statistical basis, as g has
been evaluated by using just 3 days of model runs, while f has
been evaluated by using the full campaign dataset. Our future
plan is to assess the feasibility and reliability of retrieving the oc-
currence of S4 by measuring Vi ', i.e. by evaluating S4 occur-
rence = fig(Vs
using the Grzesiak et al. (2018) model to infer S4 occurrence lies in
the fact that it is based on measurements provided by a network
that is not constrained by being specifically designed for scintilla-
tion monitoring and by being deployed along a particular direc-
tion and with a fixed spacing.

)) on a larger statistical basis. The advantage of
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