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Abstract

The equatorial plasma bubble evolution, its symmetric propagation away from the equator over north/south hemispheres,
the vertical plasma drift asymmetry, and some implications between these phenomena are examples of the conjugate point
experiment campaign results. However, the asymmetric transport of plasma may imply a distinct ionospheric background in
each hemisphere. When the equatorial depletion reaches these regions, the ionospheric scintillation may present different pat-
terns. In this work, data from scintillation monitors, ionosondes, and all-sky imagers deployed at geomagnetically antipodal
stations around the equator during the campaign were evaluated along the months of October—December 2002. The results
reveal asymmetries in the onset times and scintillation magnitudes. On the one hand, the scintillation onset occurred earlier
in 80% of the cases over the southern hemisphere. On the other hand, 71% of the nights verified the larger scintillation values
in the northern hemisphere. The distinct F region altitudes, thickness, bottomside electron density gradient scale lengths,

and TEC over both stations seem to contribute to this asymmetric behavior.

Keywords Ionospheric scintillation - Scintillation onset - Scintillation latitudinal asymmetry - Scintillation spatial

distribution

Introduction

The low-latitude nighttime ionosphere harbors diverse
plasma phenomena. Its electrodynamical features are
responsible for a variety of events among which the equato-
rial plasma bubbles (EPBs) and the ionospheric scintillation
are prominent examples. These events are usually depend-
ent on the solar flux, ionospheric conductivities, altitude
of the ionospheric F layer, the vertical component of the
plasma drift, seasonality, and bottomside density gradient
scale length.

The EPBs are believed to be generated over the geomag-
netic equator, at the F region bottomside, due to the so-called
generalized Rayleigh—Taylor instability mechanism (Dungey
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1956; Ossakow 1981; Haerendel 1973). These large struc-
tures of severe plasma depletion usually extend in tens to
hundreds of kilometers in its zonal extension. During its ver-
tical rise to progressively higher apexes, they stretch along
the geomagnetic field lines extending to low-latitude con-
jugate regions in both directions of the magnetic flux tube
(i.e., antipodal regions). Concurrent to its evolution, sec-
ondary instabilities develop in a cascading process, leading
to the formation of steep gradients in progressively smaller
scales (Haerendel 1973). Due to this turbulent development,
there is an intrinsic relation between the EPB structures and
ionospheric scintillation. The transionospheric signals suf-
fer phase shifts and amplitude changes while crossing this
irregular medium. The severity of the ionospheric scintilla-
tion is commonly evaluated using the amplitude scintillation
index S, (Briggs and Parkin 1963; Whitney and Basu 1977,
Yeh and Liu 1982; Kintner et al. 2007).

Several aspects of this phenomenology were studied.
However, a complete understanding of its day-to-day vari-
ability and spatial distribution remains unaccomplished. For
instance, the EPB events are now found to exhibit a conju-
gate point symmetry in its distribution along the geomag-
netic field line (flux tube); notwithstanding, the background
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ionosphere in both hemispheres is often distinct. When inter-
cepted by the EPBs originating from the equator, the diverse
background in each hemisphere presumably implies differ-
ent electron density gradients, which may cause changes in
the scintillation behavior over each hemisphere. Recently,
Zhao et al. (2021) using 36 Global Network Satellite Sys-
tem (GNSS) receivers around the globe found larger rates
of irregularities over southern hemisphere along the Ameri-
can sector. They used the rate of change of total electron
content (TEC) over 5 min, referred to as ROTI, along the
nights. Their results illustrate that some asymmetry seems
to be present. Previously, Luo et al. (2019) used data from
Swarm-A and Swarm-C satellites and information from two
ground-based geomagnetically conjugate Global Positioning
System (GPS) stations along the African sector to investi-
gate the behavior of the plasma irregularities and scintilla-
tion. Their analysis considered the electron densities along
Swarm satellites orbit altitudes (450 km), the ROTI, and the
amplitude scintillation for the period evaluated. The results
presented by the authors suggest a transition of scintillation
onset times between northern and southern conjugate sta-
tions across September—December 2015 and March 2016,
and the authors argued that the sunset time was a poten-
tial candidate to explain such asymmetries, although their
results under decreased solar activity were slightly differ-
ent. These findings suggest the existence of possible mecha-
nisms behind asymmetric behavior over conjugate points;
therefore, further investigations are required to uncover the
mechanisms that, for a given EPB structure, may lead to
distinct scintillation patterns. Over the Brazilian region, due
to idiosyncrasies such as large geomagnetic declination and
steep geomagnetic strength decrease, the scenario is distinct
from that of Africa, and the investigation may offer new
insights about the asymmetric patterns of the ionospheric
scintillation. Along with this work, data from the Conjugate
Point Equatorial EXperiment (COPEX) campaign (Abdu
et al. 2009) in the Brazilian territory during the year of 2002
(maximum solar cycle period) will be explored to study new
aspects of the spatiotemporal distribution of the scintillation.

Stations and instruments used in this work

The Conjugate Point Equatorial EXperiment (COPEX) was
carried out during the months of October—December in
2002. Several instruments were deployed at three locations:
an equatorial station, Cachimbo (CB), the northern conju-
gate station Boa Vista (BV), and the southern conjugate sta-
tion Campo Grande (CG). A schematic of the instrument
locations is presented in Fig. 1. The red curve corresponds
to the dip equator. The black arc represents a given geomag-
netic field line whose apex passes over Cachimbo (CB), and
the field line northern/southern “feet” are over Boa Vista
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Fig. 1 Schematic of the COPEX geometry depicting the sites of the
equatorial station Cachimbo (CB) in red, and the northern/south-
ern conjugate stations Boa Vista (BV)/Campo Grande (CG), both in
green color. The red curve represents the dip equator, and the black
arc corresponds to a given geomagnetic field line connecting the sta-
tions

(BV)/Campo Grande (CG). The description of coordinates
and instruments used in each location (in this work) is sum-
marized in Table 1.

Digisonde data were used to calculate the true vertical
drift, especially around the evening Pre-Reversal Enhance-
ment in the zonal electric field (PRE). The PRE is largely
responsible for the development of the EPBs and the scintil-
lation (Abdu et al. 2009 and references therein, Sousasantos
et al. 2013, 2018, 2019, Huang 2018, Resende et al. 2019).
The calculation considers the temporal rate of change in
the F layer true heights, d(hF)/dt, at the plasma frequencies
4 MHz, 5 MHz, 6 MHz, and 7 MHz. All-sky images were
used only to exemplify the EPB mapping as discussed in
Abdu et al. (2009) (Fig. 3 in their paper) and Sobral et al.
(2009) (Fig. 2 in their paper). Data from scintillation moni-
tors were used to evaluate the day-to-day onset of the scintil-
lation in the Global Positioning System (GPS) L1 signals,
the amplitude scintillation index (S,), and the magnitude of
the scintillation events on each night.

Equatorial plasma bubble over conjugate
points and related scintillation patterns

It is now well understood that the EPBs begin their develop-
ment at the equatorial F layer bottomside, and with its verti-
cal rise over the equator, their extremities extend along the
geomagnetic field lines to both (northern/southern) hemi-
spheres. However, in the case of ionospheric scintillation,
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Table 1 Coordinates and

. Station Geographic Geographic Magnetic Instruments (in this work)
mstrumpnts depl(.)yed .at each of longitude (°) latitude (°) latitude (°)
the stations used in this work
Cachimbo (CB) 54.8°W 9.8°S 2°S Digisonde
Boa Vista (BV) 60.7°W 2.8°N 11°N All-sky imager
Scintillation monitor
Digisonde
Campo Grande (CG) 54.7°W 20.5°S 11°S All-sky imager

Scintillation monitor
Digisonde

12°N po

6N |,

o
°

-
N

o
(92}

Geographic Latitude[°]

36°S = - —
76°W 70°W 64°W 58°

Geographic Longitude[°]

W 52°W 46°W 40°W 34°W 76°W 70°W 64°W 58°W 52°W 46°W 40°W 34°W

Geographic Longitude[°]

Fig.2 EPBs registered by the all-sky imagers at stations BV and CG during the night of Oct. 9, 2002. The red/blue colors correspond to larger/
lesser electron density concentration. Airglow depletion images reveal similar EPB events over both conjugate stations

the role of the background ionosphere is of great signifi-
cance. Moraes et al. (2018a, b, ¢) showed that the scintilla-
tion is stronger over regions with more background plasma
density; hence, the scintillation during the post-sunset and
pre-midnight hours becomes more intense at locations
approaching the crests of the Equatorial Ionization Anomaly
(EIA). Although there is a close relationship between the
EPBs and scintillation, stronger scintillation events are usu-
ally verified over low latitudes instead of the magnetic equa-
tor, where the EPBs were generated. This fact suggests that
under distinct conditions of the background ionosphere, the
scintillation events arising as a result of the same (mapped)
EPB event may present slightly dissimilar patterns.

Figure 2 exhibits all-sky airglow depletion images (OI
6300 A) for the conjugate stations BV and CG on the night
of Oct. 9, 2002 at 03h00 and 03h30 UT. The red/blue
colors indicate larger/lesser emission intensity (plasma
density). It may be noticed that both stations observed

very similar EPB events (elongated blue streaks), but the
airglow intensity (darker red regions) seems to be slightly
different over each hemisphere. Plasma background differ-
ences may be attributed, in general, to distinct meridional
wind components or geomagnetic field configuration and
ensuing plasma drift components. However, in the present
case, the southern hemisphere EPB structure (at east) in
the right panel was partially covered by tropospheric cloud
artifacts. The plasma depletions (north—south elongated
streaks) seem to be slightly darker in the northern hemi-
sphere, perhaps indicating distinct background and larger
plasma density gradients (background/depleted EPB) for
these particular frames.

In order to assess the scintillation occurrence during
these EPB events, the amplitude scintillation index (S,)
was calculated from monitors deployed at stations BV and
CG. The S, index is computed as the standard deviation of
the normalized signal power over 60 s, namely:
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Fig. 3 Temporal evolution of the amplitude scintillation (S,) for BV
(upper panel), and CG (lower panel) on the night of Oct. 9, 2002.
Blue/red dots indicate weaker/stronger amplitude scintillation. The
cyan/red highlighted areas denote those all-sky EPB frames/earlier
occurrence of scintillation over station CG, respectively

2
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with /=A2, where /=signal intensity, A =amplitude of the
signal, and < > denotes the temporal average. The scintil-
lation monitors used in this work were the Cornell scintil-
lation monitors (CSM). These monitors acquire up to 11
GPS satellites simultaneously with one channel devoted to
noise floor estimation. The sample rate for each channel is
50 Hz (Beach and Kintner 2001). An elevation angle mask
was applied to exclude any data registered at angles <30° in
order to avoid multipath signals and very long path length

@ Springer

where scintillation over other locations could be merged
with the dataset of interest. Over the entire dataset, at least
5 satellites were always tracking the scintillation with this
elevation angle requirement. The analyses presented in the
next sections consider all these measurements instead of
individual satellite records. One example of the results of the
S, is presented in Fig. 3, where the temporal evolution of the
scintillation during one night (Oct. 9, 2002) is depicted for
BV (upper panel) and CG (lower panel). The blue/red dots
indicate weaker/stronger scintillation. The sizes of the dots
are related to it magnitude. Please notice that since the all-
sky coverage is wide (1100 km) and the EPB zonal drift over
Brazilian region during these hours is typically < 100 m/s
(Sobral et al. 2009), it is reasonable to assume that the areas
highlighted in cyan correspond to those all-sky EPB frames
shown in Fig. 2. Clearly, the EPBs exhibited in Fig. 2 are
present here in the form of amplitude scintillation (contained
in the cyan areas); notwithstanding, some details found in
Fig. 3 deserve special attention. Although both stations
undergo the same EPB event, the scintillation peaks and
onsets are not the same. The scintillation contained in the
red shaded area indicates a slightly earlier concentration
of strong S, events over station CG. Also, it is possible to
notice that the amplitude scintillation reaches larger values
over the BV than CG. Hence, the scintillation pattern may
present some deviations over conjugate points experiencing
the same mapped EPB structures. Please notice that earlier
onset may be verified even for values as low as S, =0.2, and
in the case of this illustrative example, the onsets difference
is about 8 min.

GPS scintillation onset and magnitude
over conjugate points

Following the results from Fig. 3, an investigation of the
scintillation pattern over stations BV and CG was performed
using the available dataset that covers October 5 to Decem-
ber 10, 2002. However, due to some lack of data, or outliers
in the dataset in one of the stations, a total number of 55
nights were available for comparison in the present work.
As aforementioned, an elevation angle mask was applied
to remove registers with elevation < 30°. Furthermore, only
S,>0.2 were considered, and in this work, its first occur-
rence is assumed as scintillation onset. The dataset was
evaluated day-by-day and station-by-station, manually in
order to avoid any false positive. When concomitant events
were found, that recorded with the largest elevation angle
was selected to represent the result for that specific moment.

The first analysis regards the difference in the scintilla-
tion onset time over stations BV and CG, and the results
are exhibited in the form of bars in the left panel of Fig. 4.
The onset time difference between the stations, Az, was
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Fig.4 Distribution of At (S,)
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calculated considering the time of occurrence in UT, follow-
ing BV(#)—CG(?), i.e., positive/negative values correspond
to earlier onset over CG/BV. Here, the notation follows the
format station(parameter), and t is the time of scintillation
onset. The colder/hotter colors of each bar are related to
lesser/larger geomagnetic activity, measured by the daily K,
largest value.

According to the left panel results, most days show later
S, onset over BV (i.e., At>0). In fact, 80% of the cases (44
cases) presented Ar>0. This difference in the onset time is
usually of the order of a few tens of minutes; however, it may
exceed 1 h in exceptional cases.

The right panel of Fig. 4 exhibits the distribution of the
At values. The mean value (u) of these differences in the S,
onset (Ar) is 0.21 h (about 12 min), with a standard devia-
tion (o) of 0.37 h (about 22 min). It must be noted that the
geomagnetic activity was calm during most of the analy-
sis period and did not play any substantial role in the trend
found in the dataset.

One of the most relevant aspects revealed during the
COPEX campaign concerns the asymmetry in the vertical
component of plasma drift over conjugate points (Abdu et al.
2009; Sousasantos et al. 2020). Using Digisonde data, the
authors demonstrated that the vertical plasma drift over BV
and CG presented different magnitudes, mainly during the
evening pre-reversal vertical drift. The vertical drift over
station CG (southern hemisphere) is often larger than that
over station BV (northern hemisphere). In both works, the
authors verified that an average northward transequatorial
wind was potentially causing the asymmetry. Figure 5 shows
the vertical plasma drifts during the COPEX campaign over
BV (left panel) and CG (right panel) plotted in colored lines
(blue/red indicating lesser/larger values). The gray lines cor-
respond to the vertical drifts over the equatorial station CB
for the same days and are provided as a reference. Based on
the asymmetric vertical drift behavior presented in Fig. 5,
one must expect that the ionospheric background at each
hemisphere may present considerable differences in terms

Fig.5 Plasma vertical drift over 80
BV (left panel) and CG (right
panel) during COPEX campaign
(October 1 to December 31, 49
2002) represented by colored
curves (blue/red indicating .
lesser/larger values). The gray 2
lines correspond to the vertical % 181
drifts over Cachimbo equato- i 5
rial station and are given as a (D_“
reference
% -13
>
-44
-75
20h30 21h30 22h30 23h30 20h30 21h30 22h30 23h30
Time [UT] Time [UT]
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of bottomside altitude, electron density gradients, etc. This
may account for the At verified in the scintillation onset.

Another aspect of interest was investigated by Sobral
et al. (2009). The authors evaluated the zonal component of
the plasma drift during the COPEX campaign using images
registered through all-sky imagers deployed at BV and CG.
They found slightly larger values of the velocity over CG
(southern station) in their work. The difference was attrib-
uted to the geomagnetic anomaly over the southern Brazilian
territory. In fact, during the period of the COPEX campaign,
the geomagnetic field intensity (i.e., F component) over
BV was about 25,321 nT, and over CG, closer to the South
Atlantic Magnetic Anomaly (SAMA), the value was about
20,057 nT. Both plasma drift components over the stations
are inversely proportional to the geomagnetic field (i.e., V
 E/B). If the zonal component increased due to a decreased
B, an enhancement is also expected in Vz.

Using data from zonally spaced GPS (1575 GHz) and
VHF (250 MHz) receivers during the COPEX campaign, de
Paula et al. (2010) found that hundred-meter scale structures
causing L-band scintillations appear to be drifting (zonal
component) with equivalent velocities over both conjugate
stations. However, the zonal drift of the kilometer-scale
structures over CG presented slightly larger average veloci-
ties at times up to 03h00 UT. The authors used an argument
similar to Sobral et al. (2009) to justify these results. There-
fore, the works of Abdu et al. (2009), Sobral et al. (2009), de
Paula et al. (2010), and Sousasantos et al. (2020), indicate
that at least two agents may cause distinct plasma drift com-
ponents between the hemispheres, the meridional (transe-
quatorial) winds, and the geomagnetic field idiosyncrasies.
These differences in the plasma drifts may alter the whole
ensuing situation and are strong candidates to explain the
differences verified in Fig. 4.

It is well known that EPB events, and the associated iono-
spheric scintillation, are closely related to the vertical drift
magnitude (Fejer et al. 1999). Abdu et al. (2009) verified
that the peak value during the PRE (Vzp) must attain 22 m/s
over the equator for the spread F development. However, it is

worth noting that the vertical drift pattern over the equator
and conjugate points may bring in, indirectly, other conse-
quences. Figure 6 shows a day-by-day comparison between
the S, onset time (in UT) in both conjugate stations (BV and
CG) and the PRE vertical drift peak (Vzp). The left panel
shows a plot of the S, data over BV (gray circles) and over
CG (red circles) versus the values of Vzp over the equato-
rial station (apex) of CB. The right panel shows a similar
comparison, however; this time, the S, data of each station
are juxtaposed with the Vzp value over the same station
instead of that over the equator, i.e., BV(S,) X BV(Vzp) and
CG(S,) X CG(Vzp). The black/red lines correspond to linear
regressions of data from BV/CG. The results presented in
the left panel show that S, occurrences are typically veri-
fied for equatorial values of Vzp>20 m/s. Moreover, the
linear regressions in both panels reveal a decrease in the
onset time with the increase in the Vzp values, as expected.
Notwithstanding, it must be noticed that the S, onset over
station CG is predominantly earlier than that over sta-
tion BV. This behavior is independent of the Vzp values
in both approaches, either considering the equatorial Vzp
values (left panel) or considering BV(S,) X BV(Vzp) and
CG(Sy) X CG(Vzp), as shown in the right panel. However,
the right panel exhibits more similar slope trends when each
station is compared with its own Vzp, suggesting the major
role of the local background in the result. In fact, the vertical
drift over station CG is consistently higher than that over BV
(Abdu et al. 2009, or Fig. 5), independent of the equatorial
Vzp value.

Another aspect evaluated in both conjugate stations
was the maximum daily value of the amplitude scintilla-
tion. A day-by-day subtraction of the maximum values
[AS,=BV(maxlS,)-CG(maxlS,l)] was performed and the
results are presented in the left panel of Fig. 7. The maxi-
mum S, values over each station occurred, sometimes, at
slightly different times; however, the results presented in the
left panel intend to show the largest value during the night
and consider the peak values over each station, regardless of
its time UT. The dashed gray line indicates the equivalence

Fig.6 S, onset according to 01h15
the Vzp values. Left panel: °
comparison between S, onset 00h56 ®
over the BV (gray circles) 00h37
and CG (red circles) stations
and the Vzp values over the + 00h19
equator. Right panel: compari- 2
son between S, onset and the g 00h00
Vzp values over each station, 9D 23h41
i.e.,, BV(S,;)xBV(Vzp) and
CG(S,) X CG(Vzp). The black/ 23h23
red 1in§s correspond to linear 23h04
regressions of data from BV/CG
22h45,
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Fig.7 Scintillation peak differences (AS,) and the percentiles 90 over
the conjugate stations. Left panel: difference of maximum amplitude
scintillation over stations BV and CG. The dashed gray line repre-
sents AS,=0, and the solid line corresponds to a linear regression of

level, AS, =0, the solid gray line represents a linear regres-
sion of the dataset, and the cold to hot colors/size of the
dots correspond to increasing values of AS,. Please notice
that the regression line was inserted only to indicate (quali-
tatively) a seasonal transition. According to these results,
the amplitude scintillation is more pronounced over station
BV in 71% of the cases (39 days), with 16 of these 39 days
reaching AS,>0.2. Only in 29% of the cases, the scintilla-
tion is stronger over CG (i.e., AS,<0), and the number of
days when AS, <—0.2 is 8. The solid gray line highlights
that this trend of higher values of S, over BV station seems
to increase toward summer solstice (in the southern hemi-
sphere), when vertical drift is maximized over the Brazil-
ian region. Hence, according to the dataset, the S, onset is
often verified earlier over station CG, whereas the larger
values are registered usually over station BV, thus suggesting
asymmetries in time and magnitude of scintillation over the
conjugate stations experiencing the EPB events.

The right panel of Fig. 7 exhibits the percentile 90 of all
available datasets for both stations. Each percentile considers
bins of 5 min of time to gather a representative amount of
records. The resolution of S, measurements is 60 s; there-
fore, for one given satellite available, at least 275 measure-
ments were considered. Since the receivers recorded data
from 11 satellites, this number may reach 3025 records per
bin. The red/blue curves correspond to the results for sta-
tions BV and CG. The results clearly show that most of the
largest values over CG were smaller than those in BV. This
is in good agreement with the left panel and indicates that
this is a consistent trend. Also, the occurrence of AS,;>0
seems to be concentrated in the early nighttime period,
23h30 UT <¢<01h30 UT (i.e., 19h27 LT <¢t<21h27 LT
for station BV). Additionally, the right panel of Fig. 7 again
demonstrates that the earlier S, onset over station CG (blue

Time [UT]

the dataset, indicating an increasing trend of larger values over station
BV toward the summer solstice period (in the southern hemisphere).
Right panel: percentile 90 of the entire dataset revealing larger S,
peaks over BV (red) and earlier S, over CG (blue)

curve) is a predominant trend. The black dots and the arrow
between the curves for CG and BV denote the time inter-
val when S, attains values larger than 0.2. The difference
between the onsets at these points reaches Af=11.87 min,
very close to the average value of =12 min presented in the
discussion of Fig. 4; therefore, both asymmetries regarding
S, onset and peak values seem to occur coherently over the
entire dataset.

Discussion

Abdu et al. (2020) showed that under distinct bottomside
electron density gradient scale lengths, the development of
the EPB structures is different. Their results suggest that in
cases where Vzp is large, the EPB structures usually present
larger velocities, hence reaching higher altitudes and vice
versa. Moreover, they also found that under smaller Vzp
conditions, usually, a steeper electron density vertical gradi-
ent is verified. This can be understood in terms of a larger
loss rate through chemical recombination in this lower iono-
sphere bottomside in the case of smaller Vzp. Furthermore,
in the case of smaller Vzp, they also found that the vertical
instability growth is reduced, and the spread F' growth usu-
ally cannot cross the bottomside region, but the degree of
depletion in these bottomside altitudes is typically stronger.
Additionally, their findings indicate that under stronger
Vzp conditions, the rise of the F layer height is normally
accompanied by a vertical extension of the layer, increasing
the thickness of the F region, consequently decreasing the
bottomside electron density (vertical) gradient scale length
(L7Y). The electron density vertical gradient scale length is
given by:

@ Springer
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where N, is the electron density and 4 the altitude (true
height).

The discussion presented in Abdu et al. (2020) deals
strictly with differences verified between solar maximum
and minimum conditions; however, let the implications of
their findings be used from another perspective; namely,
distinct Vzp patterns implied dissimilar F region configu-
rations. In this case, this component may be added to the
discussion of scintillation asymmetries between stations.

Figure 8 shows one example of the slope of the F region
bottomside over BV (upper left panel) and CG (lower left
panel) for the same night. The red and cyan (magenta and
purple) solid lines in the ionograms in these panels depict
the slope of the F region over BV and CG, respectively.
These panels show that, in terms of slope, the values over
BV are larger for smaller and larger frequencies/densities
(i.e., lower and higher bottomside altitudes). Please notice
that the frequency/N, varies more pronouncedly over BV
than over CG for a smaller altitudinal range.

The upper right panel exhibits the electron density verti-
cal profiles and the bottomside gradient scale length for sta-
tions BV and CG in a frame prior to a spread F event on this
arbitrary night (November 26, 2002). The blue/red colors
along the curves correspond to lesser/larger calculated val-
ues of the bottomside electron density gradient scale length

(L™Y), detailed in the color bar. This panel shows that the
thickness of the F region is broader over station CG, and
its F region peak (hmF2) is higher than over station BV.
The hmF2 values over CG/BV were 552/454 km. Conse-
quently, the bottomside gradient scale length over station
BV is larger. These features comply with the differences in
the Vzp patterns [BV(Vzp) =22 m/s and CG(Vzp) =63 m/s]
and the implications on the background configuration analo-
gously to the discussed in Abdu et al. (2020).

The lower right panel shows the results of numerical
integrations of the vertical electron density profiles (trans-
formed into total electron content, TEC, units) for several
frames around the PRE for BV/CG (black/red) on the night
of November 26, 2002. The numerical integration was per-
formed according to the simplified central scheme:

n—1

10716 .
( 3 > ZNE(Z) [h(i+l) - h(i—l)] 3)
i=1

where £ is the altitude (true height) and » is the number of
discrete vertical points.

The results presented in the lower right panel indicate
that the total electron content (TEC) difference between BV
and CG varies in the range — 19 < ATEC <43 (TECU). The
value of 1 TECU = 10'% electrons/m>. It must be noticed that
the initial values over station CG were considerably lesser
than those over BV. However, when station CG undergoes
the PRE effects, the TEC is suddenly increased, suggesting

Fig. 8. Tonograms showing the 1000 5 Vs Ti7675002 10005y = BV G 73.13
F region slope over BV (upper 900 1(22h40 UT, 18h37.LT) CG== 63.99 .
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ighlight the slope trend over o 600 > 3
i . ° 605 _— 36.56 ©
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vertical profiles and bottomside = £ R A e 2742 5
electron density gradient scale < 400 < 463 £
lengths (L™!) over BV and CG. 300 18'2877
Lower right panel: integrated 200 322 914 =
vertical N, along several - 180 L= T
frames around the PRE for the 80 101 0 1 011 101 2 0.00
stations of BV and CG on the Electron density [m?]
night of November 26, 2002 103015556 Grande 1172672002 T 100
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that the southern EIA crest was not reaching the latitude of
the station previously. The opposite trend is verified over
station BV, initially with larger values of TEC that suddenly
decrease during its pre-reversal time, possibly suggesting
that the EIA northern crest located over the station was
moved northward. Notwithstanding, tens of minutes after
the PRE, when the EPB events were verified in the dataset,
the ambient vertical drift component is known to decrease
steeply, sometimes reaching negative values. Hence, the ini-
tial spatial distribution of the EIA (crest over BV) is likely to
be restored after the Vzp, when the scintillation is typically
registered, potentially causing asymmetries in the S, magni-
tude due to the distinct ionospheric background.

The upper panels of Fig. 9 present the N, profiles gathered
during the COPEX campaign (55 days) for BV (left) and CG
(right) for the same time interval considered in Fig. 8. The
results indicate that the overall N, peak seems to be slightly
larger for BV; meanwhile, the hmF?2 is lower. Moreover, the

Fig.9 Electron density (N,)

profiles obtained during 108 10° 10"

Electron density [m?]

bottomside distribution over BV is less scattered (more con-
densed) than over CG, especially for lower altitudes. These
profiles of the entire campaign suggest that the F layer thick-
ness over CG is typically broader than over BV; ergo, L™ is
more pronounced over station BV.

The lower left/right panels show the average of the N,
profiles for BV (black) and CG (red) along the months of
October/November—December. The months were separated
to elucidate that the seasonal variation of the Vzp along the
transition from equinox to the summer solstice is directly
related to the background differences between the hemi-
spheres, which in turn are believed to cause the asymmetries
in the scintillation scenario. For information, the equatorial
Vzp average values were 47.6 m/s, 55.1 m/s, and 60.7 m/s
for October, November and December, respectively. The
green dots correspond to the hmF2 in each case. As can be
easily noticed, the CG profile always initiates from a lower
altitude and eventually reaches/surpasses the BV profile
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altitudes, again revealing the persistent (increasing) trend
of a thicker profile (i.e., smaller L™!) synchronously with
the Vzp enhancement. The average N, peak is consistently
larger over BV, although a transition in hmF2 occurred from
equinox up to summer solstice season, with the hmF2 over
CG eventually becoming higher. These features are in con-
formity with the discussion of Fig. 8 and indicate that these
aspects are coherent along the months evaluated.

The upper panel of Fig. 10 shows the differences between
the altitudes of the N, profiles [Ah=h(BV)—h(CG)] for the
same time interval evaluated in Figs. 8 and 9 for the entire
COPEX campaign. Ah was calculated up to the hmF?2 alti-
tudes. The colors from blue to red were used as a visual
tool to represent the seasonal transition from October to

Ah (BV-CG) [km]

-150 -100 -50 0 50 100 150
1012
E
[}
z
10"
h(BV)>h(CG)
1010
600 ——Boa Vista
——Campo Grande

Altitude [k

100 101 102
L'=(1/N,)(@N,/ah) [10® km']

Fig. 10 Comparison between ionospheric electron density altitudes
and bottomside vertical gradient scale length over the conjugate sta-
tions. Upper panel: differences between the altitudes of the N, profiles
over BV and CG during the COPEX campaign. The colors were used
as a visual tool to illustrate the seasonal trend, with blue/red corre-
sponding to October/December. Lower panel: N, bottomside gradient
scale length for BV (black) and CG (red)

@ Springer

December. Positive/negative values of Ah correspond to
higher altitudes over BV/CG. The red dashed line stands
for the equivalence level (Ah=0). Please notice that for
the entire period, the smaller values of N, (i.e., the bottom-
side) correspond to positive Ah; therefore, /(BV) is pre-
dominantly higher than 2(CG) at lower altitudes. This result
may be directly associated with the onset time difference
between stations. According to the rise of the equatorial
EPB structures, they will reach conjugate points along the
geomagnetic field lines from below up to a given altitude,
depending on the equatorial apex. Hence, being h(CG) at
the bottomside consistently lower, it must be often reached
earlier as well.

For some cases during October 2(BV) > h(CG) up to the
N, peak, but please notice that according to the transition
to November and December (i.e., from blue to red), 1/(CG)
increases, becoming substantially higher than 2(BV) around
the N, peak, although starting at lower altitudes. This result
reinforces the hypothesis of an often larger L~! over station
BV; but this will be discussed afterward.

Xiong et al. (2016) and Wan et al. (2018) found tangi-
ble results showing that scintillation may take place also up
to the topside (about 500 km). These altitudes are around
the hmF2 region in the lower panels of Fig. 9; thus, let
the Ah to be considered over the entire N, profile in the
upper panel of Fig. 10 (i.e., from bottomside up to hmF2).
In this case, the vast majority of the variation resides
—140 km < AR <40 km. Typical EPB rise velocities (Vgpg)
obtained through spaced ionosonde observations over the
Brazilian territory presented in Abdu et al. (1983) suggest
arange of 30 m/s < Vgpp <300 m/s. Thus, let also the aver-
age to be considered, i.e., V gpg =165 m/s, therefore, the
differences between the altitudes, — 140 km < Ah <40 km,
imply (in absolute values) an onset difference around
0.24 h<Ar<0.07 h. This value is very close to the mean
(u) S, onset difference between the conjugate stations dem-
onstrated to be around 0.21 h (about 12 min).

The lower panel of Fig. 10 exhibits the bottomside N,
gradient scale length for BV (black) and CG (red). It is clear
that L~! is predominantly larger over BV, except for a few
cases during October. Paznukhov et al. (2012) found that
the depth of TEC depletions are directly correlated with
the scintillation intensities. Abdu et al. (2020) showed that
cases of larger bottomside N, gradient (L") also resulted
in stronger levels of depletion. The results presented in the
lower panel of Fig. 10 comply with their findings. Please
notice that when the EPBs reach stations BV and CG, these
structures will undergo distinct values of thickness, vertical
gradients in N,, and TEC. Over BV the combination of the
EPB depletion, larger N, peak and the larger L™' results in an
enhancement in the abruptness of the spatial plasma density
gradient along the signal path. This can be one of the pos-
sible explanations for the asymmetry in the S, intensity. The
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similar trend of the seasonal increase in L™ asymmetry, in
Ah, and Vzp, seems to support the hypothesis that the verti-
cal drift component controls such scintillation asymmetries.

Additionally, one must notice that the distinct vertical
drift pattern over each hemisphere causes an asymmetry in
the fountain effect; hence, the EIA crests in the southern/
northern hemisphere may be located farther/closer to the
CG/BV stations during the EPBs, also contributing to the
differences in the N, peak. As a result, the neighborhood
of station BV typically contains a larger portion of the ETA
crest when compared to station CG, as is already suggested
by the lower right panel in Fig. 8 and lower panels in Fig. 9.
Khadka et al. (2018) also verified that during the months
of October—February, the EIA crest is usually closer to the
equator in the northern hemisphere (e.g., Fig. 2 in their
paper). However, it must be mentioned that their results are
for the Peruvian region. Hence, the asymmetric EIA distri-
bution over BV and CG may also contribute to the abrupt-
ness of the plasma density spatial gradient along the signal
path in the northern hemisphere, possibly having implica-
tions for the larger S, over station BV.

Please notice that although the maximum values of S,
typically occurred over BV, when the entire night is con-
sidered the scintillation over CG may be more long-lasting,
and the “net scintillation bulk” may be larger over CG.
Zhao et al. (2021) have recently reported this hemispheric
aspect. In fact, Fig. 3 exemplifies a steeper peak over BV;
conversely, the S, is more persistent over CG, despite being
smoother. In addition, the right panel of Fig. 7 shows a
broader S, curve, although with smaller peak values. This
is expected because the smaller N, thickness over BV (i.e.,
larger vertical gradient), especially towards summer solstice,
carries an intrinsic flaw, viz. a larger chemical loss rate along
the night; therefore, the density is likely to be damped faster
over BV.

In summary, meridional winds and geomagnetic field fea-
tures may alter the vertical plasma drift in both the hemi-
spheres. These diverse vertical drift profiles, in turn, will
cause distinct background conditions, changing F region
altitudes, ionization loss, F region thickness, bottomside
electron density gradient scale length, TEC, etc. According
to the scintillation data, these ensuing events imply some
deviations on the scintillation onset and strength patterns
over each hemisphere.

Conclusion

According to the analysis presented, the asymmetry in
the vertical plasma drift is believed to be caused by the
meridional winds and geomagnetic field spatial con-
figuration, possibly causing distinct profiles of F region

altitudes, ionization loss, F region thickness, bottomside
electron density gradient scale length, and TEC over both
conjugate stations. This diverse background in each hemi-
sphere seems to cause a certain level of inequality in the
amplitude scintillation (S,) onset and magnitude. Thus,
although the stations experience the same EPB event, the
ionospheric background plays a substantial role in the sub-
sequent occurrence and intensity of scintillation. The main
findings of this work may be summarized as follows:

1. The amplitude scintillation (S,) onset occurred earlier
over station CG (southern hemisphere) in 80% of the
cases (44 days), and the geomagnetic activity did not
play any substantial role in this trend. The calculated
mean value (u) of this S, onset difference (Af) was about
12 min with a standard deviation (¢) about 22 min. This
variability is expected because of the large number of
parameters involved in the phenomenology.

2. The trend of later S, onset over station BV (northern
hemisphere) occurred at all levels of Vzp (> 20 m/s),
either considering the equatorial Vzp value or using the
Vzp values over each station.

3. The maximum values of S, follow a trend opposite to
that of Az, i.e., the scintillation is often (71% of the
cases) stronger over station BV (northern hemisphere)
when compared to station CG (southern hemisphere).
This trend seems to increase toward the summer sol-
stice (in the southern hemisphere), hence reinforcing the
hypothesis of the role of the vertical drift asymmetry in
this behavior.

4. These S, onset and peak asymmetries are persistent
across the entire dataset as shown by the right panel of
Fig. 7.

5. The lower bottomside over station CG seems to explain
the earlier S, onset consistently. The differences between
the altitudes over the conjugate stations, Ah, suggest
EPB velocities compatible to the delays of S, onset pre-
sented in Fig. 4.

6. Over BV, a steeper L7! ie., a smaller F region thick-
ness, and a larger TEC due to the EIA crest may imply
an enhancement in the abruptness of spatial gradients
along the signal path, possibly causing the higher values
of S,.

This work shows that the vertical component of the
plasma drift may be responsible for controlling impor-
tant parameters of the ionospheric background, resulting
in changes of scintillation onset and magnitude. Future
works must evaluate the mechanisms behind the vertical
drift variability and other aspects of the conjugated asym-
metry of the scintillation in order to improve the current
predictive capabilities.
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