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Key points:

e GNSS-based monitors were deployed in Puerto Rico - PR (~24.5° N dip latitude) and
detected L-band scintillation on ~80% of geomagnetically quiet nights.

e Cases of very intense amplitude scintillation (S4 ~ 1.0) were commonly observed and were
accompanied by large TEC depletions.

e The latitudinal extent of EPBs and of the northern crest of the EIA create conditions for the
strong quiet-time scintillations observed by GNSS receivers in PR.
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Abstract: In December 2021 three Global Navigation Satellite System (GNSS) ionospheric
scintillation and total electron content (TEC) monitors were installed in Puerto Rico (~24.5° N
dip latitude). The installation is part of an effort to better understand the occurrence of
ionospheric irregularities and scintillation at mid-latitudes. Puerto Rico (PR) is commonly
referred to as being located at mid-latitudes or at the boundary between low and mid-latitudes.
Previous reports already presented observations of ionospheric irregularities and scintillation
detected from PR. These observations, however, were limited in number. Additionally, the
reports related the observed scintillation and irregularities events with different types of mid-
latitude ionospheric disturbances. Here we present results from the analyses of the first three
months of observations, December 21%, 2021 to March 20", 2022. The analyses focus on the
occurrence rate, severity and origin of scintillation detected on the signals tracked by the PR
monitors during geomagnetically quiet times. We show that, out of the 43 geomagnetically
quiet nights, 34 (~80%) showed the occurrence of L-band scintillation. The results also indicate
the recurrent existence of severe scintillation (S4 ~ 1.0) accompanied by large TEC depletions.
The temporal evolution of the observed scintillation showed that scintillation-causing plasma
irregularities first occurred near the magnetic equator and propagated towards PR (reaching up
to ~22° dip latitude). Simultaneous space-based observations of the ionospheric F-region peak
electron densities made by the GOLD mission confirmed that the quiet-time scintillation
observed by the monitors in PR was associated with equatorial plasma bubbles. GOLD
observations also show enhanced background F-region densities at the location of the
ionospheric pierce points (IPPs) of the affected GNSS signals, indicating conditions that favor
the occurrence of intense scintillation.

Keywords: Ionosphere, GNSS, scintillation, low latitudes, mid-latitudes, equatorial plasma
bubbles.



1. Introduction

Ionospheric irregularities and their effects on radio signals crossing the upper atmosphere have
been reported for decades (e.g., Yeh and Swenson Jr., 1959). However, since the announcement
of the full operational capability of the Global Positioning System (GPS) and the subsequent
widespread use of satellite-based systems for positioning and other technological purposes, the
interest in these phenomena has increased substantially (Beach and Kintner, 2001). One of the
most important effects of ionospheric irregularities on transionospheric radio signals is the so-
called ionospheric scintillation (Briggs, 1964; Yeh and Liu, 1982). Ionospheric scintillation
can be described as amplitude and/or phase fluctuations produced by variations in the
ionospheric plasma density occurring along the signal path (Yeh and Liu, 1982; Beach and
Kintner, 2001). Ionospheric irregularities and scintillation are significant components of space
weather.

The phenomenon of scintillation is often said to occur more frequently at low and high
geomagnetic latitudes (Aarons, 1982; Basu et al., 1988). At high latitudes many phenomena
are believed to generate scintillation on the signals (Beach and Kintner, 2001) including polar
cap patches. At low latitudes, scintillation is associated predominantly with equatorial spread
F (ESF). ESF is the term used when referring to a wide range of ionospheric irregularities
produced by the generalized Rayleigh-Taylor (GRT) instability (Sultan, 1996). It is well-
known that large scale (10-100s of km) ionospheric plasma depletions known as equatorial
plasma bubbles (EPBs) develop in the bottomside F-region at the magnetic equator due to the
GRT instability. The EPBs rise vertically extending along magnetic field lines to low latitudes.
Secondary plasma instabilities produce smaller scale irregularities that accompany the EPBs
(Hysell, 2000). The scintillation events caused by EPBs are known to be the most intense in
the Earth’s ionosphere (Aarons, 1982; Jiao and Morton, 2015; Juan et al., 2018).

Because scintillation occurs more frequently at low and high latitudes, significantly less
instrumentation and efforts have been dedicated to mid-latitude studies. Nevertheless, the
occurrence of ionospheric irregularities at mid-latitudes has been reported (e.g., Perkins, 1973;
Fukao et al., 1991; Kelley and Fukao, 1991; Mathews et al., 2001a, 2001b; Martinis and
Mendillo, 2007; Martinis et al., 2009). Furthermore, some studies revealed the occurrence of
mid-latitude scintillation with severities that were comparable to those at low latitudes (e.g.,
Karasawa et al., 1985; Basu et al., 2001; Ledvina et al., 2002). In some cases, the observed
mid-latitude scintillation events were associated with auroral activity and originating at high
latitudes (e.g., Afraimovich et al., 2004, 2009; Jakowski et al., 2007). There are also reports of
mid-latitude scintillation and its association with ESF and EPBs (Vadakke Veettil et al., 2017).

The source of irregularities producing scintillations events at low-to-mid latitudes does not
always reach a consensus. For instance, Mendillo et al. (1997) reported a plasma depletion
captured on the 3™ of May 1995, by an all-sky airglow imager in Arecibo, Puerto Rico and
hypothesized that it was an EPB reaching altitudes around 2,500 km at the magnetic equator.
This EPB could have caused strong scintillation at low-to-mid latitudes. Kelley et al. (2000b),
presented airglow observations made from Arecibo on 22-23 November 1997, that also
indicated the occurrence of plasma depletions. Based on features (local time occurrence and
drift direction) they could not associate this event with EPBs. Both events, however, occurred
during geomagnetically disturbed conditions.

More recently, Martinis et al. (2015) presented observations of depleted structures over
geomagnetic latitudes of 40° using airglow all-sky data. They argued that this was an extreme



EPB reaching the mid-latitudes. Kil et al. (2016) analyzed the same event and commented that
the source of the ionospheric irregularities was unlikely to be an extreme EPB, but a “super”
Medium-Scale Travelling lonospheric Disturbance (MSTID) instead. Rodrigues et al. (2021)
showed that this event caused strong scintillation at mid-latitudes.

Since then, an increasing number of studies have reported plasma irregularities over mid-
latitudes (e.g., Cherniak and Zakharenkova, 2016, 2022; Katamzi-Joseph et al., 2017; Aa et al.,
2018; Li et al., 2018; Zakharenkova and Cherniak, 2020, 2021; and Sori et al., 2022). All the
events discussed in these studies occurred under geomagnetically disturbed conditions and
most of these are case studies. A comprehensive investigation, evaluating the mid-latitude
scintillation activity during geomagnetic quiet periods is still required.

Therefore, as part of an effort to understand the coupling between low and mid-latitudes with
emphasis on the occurrence of ionospheric scintillation we deployed three ground-based
monitors over Puerto Rico (~24.5° N dip latitude). In this work we report results of an analysis
of a 3-month campaign carried out from December 215, 2021, to March 20" | 2022, focusing
on observations made during geomagnetically quiet days. The occurrence rates, the severity of
the scintillation events, its spatiotemporal distribution, and the possible sources of the plasma
irregularities causing the observed scintillation are discussed. In support of the ground-based
observations, peak electron density data from the Global-scale Observations of the Limb and
Disk (GOLD) were used to evaluate the sources of the irregularities leading to the scintillation
in the Global Navigation Satellite System (GNSS) signals.

In summary, the effort presented here contributes to the state of knowledge by providing a new
comprehensive set of ionospheric scintillation and total electron content (TEC) measurements
made by monitors deployed in Puerto Rico. It also contributes, through analyses of these
measurements, to a better understanding of the occurrence of intermediate scale (few 100s of
meters) irregularities and to a better understanding about the severity of GNSS scintillation in
a region that is boundary between low and mid latitudes. Additionally, in combination with
GOLD observations, the effort contributes to a better understanding of the source of
ionospheric density perturbations and scintillations observed from Puerto Rico.

2. Instrumentation and measurements

In order to determine the occurrence rate, severity, spatiotemporal distribution, and the possible
sources of the scintillation observed in the region of Puerto Rico (PR), ground-based monitors
were used in association with space-based imaging data. The ground-based observations were
made by ScintPi 3.0 monitors. ScintPi 3.0 is a low-cost GNSS-based ionospheric scintillation
and total electron content (TEC) monitor developed at UT Dallas (Gomez Socola and
Rodrigues, 2022). In addition, auxiliary measurements provided by the GOLD mission (Eastes
et al., 2017) were also presented in this investigation.

For this study we analyzed measurements made during an observation campaign between
December 21, 2021, and March 20™, 2022, the first three months of observations made by
the system. This period coincides with the rising of the current solar cycle when the decametric
solar flux index (F10.7) varied from ~81 up to 136 Solar Flux Units [1 SFU = 1072 W/(m*Hz)].

Also, we were interested in measurements made during geomagnetically quiet conditions,
therefore avoiding contributions from the disturbance dynamo and penetration electric fields,
that could alter the ordinary ionospheric electrodynamics (e.g., Wolf, 1970; Blanc and
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Richmond, 1980; Senior and Blanc, 1984). For that purpose, we restricted our analyses to
measurements when the Kp did not exceed 3 during the nighttime period of interest (19:00 LT
to 07:00 LT) as well as during the previous 24 hours. Local time (LT) in this report refers to
Atlantic Standard Time (AST), with AST = UT — 4 hours.

2.1 ScintPi 3.0 measurements

Three ScintPi 3.0 monitors were deployed in Puerto Rico with the purpose of measuring
ionospheric irregularities and scintillation activity in a region that has been referred to as being
located at mid-latitudes or at the boundary between low and mid-latitudes (e.g., Kelley et al.,
2000a, 2004; Urbina et al., 2000; Hysell et al., 2018). In addition to measuring scintillation,
these distributed receivers will also allow future investigations related to spatial (local)
variations in TEC.

The monitors have been distributed over Puerto Rico, in Arecibo — AO (66.75°W, 18.34°N,
dip latitude: 24.65°N), Quebradillas — QB (66.91°W, 18.46°N, dip latitude: 24.81°N) and
Culebra — CU (65.30°W, 18.33°N, dip latitude: 24.15°N) and started to make measurements in
December 2021.

ScintPi 3.0 can track signals at two frequencies (L1 ~ 1.6 GHz and L2 ~ 1.2 GHz) transmitted
by four GNSS constellations: GPS, Globalnaya Navigatsionnya Sputnikovaya Sistema
(GLONASS), Galileo and Beidou.

The high sampling rate (20 Hz) of the commercial off-the-shelf GNSS receiver used by ScintPi
3.0 allows a direct estimate of the amplitude scintillation index (S4) which can be described as
the standard deviation of the signal intensity (/) normalized by its mean. S4 indices are
computed using 1 minute of measurements, that is, 1200 samples (Beach and Kintner, 2001):

-y
AT W

The angle brackets in Equation 1 represent ensemble averaging but, in practice, time averages
were used.

In addition to using Signal-to-Noise Ratio (SNR) values to estimate S4, the pseudo-ranges and
carrier phases were used to estimate the ionospheric TEC along the propagation path between
receivers and satellites (e.g., Ciraolo et al., 2007; Oliveira et al., 2020). The receiver antennas
were carefully deployed to minimize as much as possible multipath effects. Nevertheless, as
an additional precaution, we only used data from satellites with elevation angles greater than
10° in this study.

Figure 1 presents one example of the measurements produced by the ScintPi 3.0 monitors
deployed in Puerto Rico. In this example, the three monitors in Puerto Rico detected a severe
scintillation event on the L-band signals transmitted by the GPS SVID 14 (SVID stands for
Space-Vehicle Identification).

Figure 1 (a) shows the SNR values for the L1 signal measured by the ScintPi 3.0 monitors in
Arecibo (red), Quebradillas (blue), and Culebra (green). For better visualization, the time series
of the SNR for Quebradillas, Arecibo, and Culebra are presented shifted by +10 dB, -10 dB,
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and +20dB, respectively. Amplitude fading reaching 20 dB or more can be seen in the
measurements. Figure 1 (b) shows the S4 values estimated from the L1 SNR measurements.
The S4 values reveal the occurrence of intense scintillation (Ss4=> 1) in the signals tracked by
all the monitors. Finally, Figure 1 (¢) shows relative ionospheric slant TEC measurements
estimated from the phase measurements of the L1 and L2 signals transmitted by GPS SVID
14. The TEC measurements reveal the occurrence of long duration (10s of minutes) deep
(several TEC units - TECu) ionospheric plasma depletions that are concurrent to the
development of intense scintillation. The high-rate TEC measurements also allow the detection
of short duration (< 1 minute) TEC fluctuations associated with small-scale ionospheric
irregularities that accompany the large-scale plasma depletions.

Geomagnetic activity is known to affect the development of ionospheric irregularities and the
occurrence of scintillation (e.g., Aarons, 1991; Basu et al., 2002; Ledvina et al., 2002). The
thermospheric and ionospheric behavior and the relative contribution of different processes
associated with plasma instabilities (e.g., prompt penetration electric fields, disturbed
thermospheric winds, disturbed-dynamo electric fields, traveling ionospheric disturbances,
etc.) vary from storm to storm. This is what has led scintillation events associated with
geomagnetic storms to be studied and reported in a case-by-case basis. The analyses of storm-
related events detected by the monitors in PR will be investigated in the future and is outside
the scope of this study. As previously mentioned in section 2, only geomagnetic quiet nights
were analyzed.
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Figure 1 — Example of measurements made by the ScintPi 3.0 monitors in Puerto Rico. Panel
(a): SNR for the L1 signal transmitted by GPS SVID 14 and received by the three monitors in
PR on March 1, 2022. Panel (b): S4 index computed for the L1 signals shown in panel (a).
Panel (c): Relative TEC estimated from GPS SVID 14 L1 and L2 signals. LT refers to Atlantic
Standard Time (AST).



2.2 GOLD measurements

The Global-scale Observations of the Limb and Disk (GOLD) mission, hosted by the
geostationary satellite SES-14 in orbit at 47.5°W, has a dual-channel ultraviolet imaging
spectrograph producing global-scale, high-cadence images, covering both hemispheres over

the Atlantic and American region (Eastes et al., 2017). This mission was launched on January
25% 2018 and is providing high-level data since October 5" , 2018.

In support of our ground-based observations we used the nighttime scans level 2 data labeled
NMAX. The NMAX is a georeferenced quantity that corresponds to the peak electron density
in the F-region and can be used to build maps of the ionospheric F-region morphology over the
region of interest (Caribbean sector) from 23:20 UT to 00:40 UT of the next day. These maps
can provide important information about the ionospheric conditions leading to the scintillation
and TEC profiles recorded by the ground-based monitors.

3. Results and Discussion

In this section we present and discuss results related to the severity, occurrence rate, spatio-
temporal distribution, and the source of the scintillation events during geomagnetically quiet
conditions.

3.1 On the severity and occurrence rate of quiet-time scintillation events

Figure 2 shows examples of measurements of ionospheric scintillation made by the Arecibo
monitor over four consecutive days. It shows the S4 values of L1 (gray) and L2 (red) signals
for all the satellites above 10° elevation tracked by the monitor. The values of the 3-hour Kp
index are also presented (blue line).

On February 17% 2022, the S4 values remained at background levels, but on February 18t
19", and 20®, the monitor recorded Ss4> 1 for L1 and L2 during nighttime (20:00-00:00 LT).
We point out that most of the period was under geomagnetically quiet conditions except for
February 20™, 2022, starting at around 00:00 UT. An additional magenta dashed line was used
to facilitate the identification of occurrences of Kp index above the threshold for the
geomagnetically quiet condition (Kp = 3).

Figure 2 serves to show that ionospheric scintillation can be observed on signals measured by
a receiver located in PR even under geomagnetically quiet conditions. Furthermore, it shows
that scintillation events can be severe with S4 values exceeding 1 for both L1 and L2 at times.

Next, Figure 3 shows a summary of the scintillation observations over the 3-month period of
interest, here made by the Arecibo monitor. It displays the S4 values for all satellites with
elevation greater than 10° for the period between 23:00 and 11:00 UT (~19:00 and ~07:00 LT).
Only data from geomagnetically quiet conditions are shown. A total of 43 quiet days were
identified in the 90-day campaign period used in this study.

The first noteworthy feature that can be observed in the measurements presented in Figure 3 is

the common occurrence of intense scintillation. The measurements show that, even under
geomagnetically quiet conditions, scintillation can be observed in most days. To better quantify
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the scintillation occurrence rate, we first defined a scintillation detection threshold. We
considered that scintillation was observed on a given night if S4 > 0.3 on the L1 signal occurred
in at least 10 measurements between 23:00 and 11:00 UT. The nights when scintillation was
not identified are indicated by the green date panels in Figure 3. With that definition, we found
that scintillation was observed on 34 of the 43 geomagnetically quiet nights, that is, an
occurrence rate of ~80%. Additionally, the results in Figure 3 show that intense scintillation,
with S4 often reaching and exceeding 1.0, are commonly observed by a GNSS receiver located
in PR. Intense scintillation is observed in both frequencies, L1 and L2. Inspection of the data
shows that the L2 signals suffer more intense scintillation than L1 signals. This is not a new
finding and it is expected from previous theoretical and experimental studies (e.g., Yeh and
Liu, 1982). Scintillation is frequency dependent with lower frequency signals being more
affected compared to higher frequency signals.
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Figure 2 — Example of Arecibo S4 measurements made between Feb 17" to 20" 2022. Gray
and red markers correspond to S4 measurements from L1 (~1.6 GHz) and L2 (~1.2 GHz) bands,
respectively. Solid blue line indicates the Kp index, and the dashed purple line is the threshold
taken into account to consider geomagnetically quiet time, both are related to the right-hand
vertical axis. The horizontal axis represents the universal and local times over the days
indicated above each panel. The vertical green lines separate the data in days. The example
illustrates the occurrence of intense scintillation during geomagnetically quiet conditions (Feb.
18M and 19'). February 20™ is shown to illustrate a case when the Kp indices do not meet the
requirements for a geomagnetically quiet day. LT refers to Atlantic Standard Time (AST).
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Figure 3 — Summary of scintillation activity observed by the Arecibo ScintPi 3.0 monitor. All
the geomagnetically quiet nights between December 21% , 2021, and March 20" | 2022, are
shown. The panels with date highlighted in green correspond to nights when no significant
scintillation activity was identified, that is, when S4 > 0.3 was observed in less than 10
measurements. LT refers to Atlantic Standard Time (AST).

3.2 On the spatio-temporal distribution of quiet-time scintillation events
We were also interested in the spatio-temporal distribution of the geomagnetically quiet-time

scintillation activity observed by the monitors in PR as it can provide insights on the source of
the ionospheric irregularities producing scintillation. For this analysis, we determined the



Ionospheric Pierce Points (IPPs) of the GNSS signals. The IPPs were calculated assuming the
nominal altitude of the ionospheric F-region peak, that is, 350 km.

Next, we defined spatial bins of 2.5° X 2.5° (geographic latitude X geographic longitude) and
considered time intervals of 1 hour. For each 1-hour interval considered, the occurrence rate
was computed using the ratio of cases of S4(L1) > 0.3 over the total number of observations
within each bin for all the 43 geomagnetically quiet nights. Data from the three receivers were
used and the occurrence rate was computed only for bins with at least 20 observations of S4(L1)
>0.3.

Figure 4 summarizes the distribution of observed scintillation as a function of latitude and
longitude for different 1-hour segments. It shows maps of the occurrence rate (colors) of
scintillation [S4 (L1) > 0.3] using the quiet observations made by the three scintillation monitors
(red triangles). For reference, circles of elevation angles (green dashed lines) with respect to
the position of the monitors and the location of dip latitudes (blue solid lines) are also shown.
The dip latitudes were calculated using the International Geomagnetic Reference Field (IGRF-
13) (Alken et al., 2021). The gray-shaded bins correspond to regions where the number of
observations is less than 200 or outside the field of view for the entire quiet period within the
campaign.

The results in Figure 4 show that the spatio-temporal evolution of the quiet-time scintillation
events is limited to the southeast (magnetic south) of Puerto Rico. The events are first observed
at lower geomagnetic latitudes and extend to higher latitudes as time progresses. The highest
occurrence rates are seen between 00:00 UT and 04:00 UT (~20:00 and ~00:00 LT). The results
also show that, for the set of observations analyzed here, the detection of significant
scintillation is limited mostly to regions below 22° N dip latitude. However, a few cases can
be seen reaching latitudes closer to Puerto Rico. See for instance, results for 02:00-03:00 UT
in Figure 4.

3.3 On the source of quiet-time scintillation events

The results presented in Figure 4 indicate that the source of the ionospheric scintillation
observed by the receivers in Puerto Rico is likely to originate at low latitudes, propagating to
higher latitudes as time progresses. This observation suggests that the scintillation events could
be associated with equatorial plasma bubbles. Additionally, it indicates that at least some of
the quiet-time EPBs must be reaching as far as 22° N magnetic dip latitude (~ 1430 km
magnetic apex heights).

Measurements such as those presented in Figure 1(c) also show that intense scintillation events
were accompanied by large TEC depletions, which is also a feature of EPB-driven scintillations
(Kintner et al., 2007). The timing of the occurrence rates also indicates that the observed
scintillation events are associated with EPBs. Finally, the three-month observation campaign
covers December to March, well within the ESF season in the American sector (e.g., Sobral et
al., 2002).

To confirm that EPBs are the source of the scintillation events observed by the monitors in PR
we analyzed the NMAX data provided by the GOLD mission over the American sector. GOLD
NMAX data for the longitude sector of interest are available between ~23:20-00:40 UT (~19:20
and 20:40 LT).
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Figure 5 shows georeferenced NMAX data from days previously exhibited in Figure 2. The
bands of enhanced NMAX (yellow bands) nearly parallel to the magnetic equator are the
Equatorial Ionization Anomaly (EIA) peaks. The blue streaks nearly perpendicular to the
magnetic equator are NMAX depletions caused by EPBs. For reference, the red dashed circles
indicate the elevation angles with respect to the location of the Arecibo monitor. The red solid
lines indicate the magnetic dip latitudes. We remind the reader that Feb. 17%, 18", and 19%
were geomagnetically quiet days while Feb. 20" was considered geomagnetically disturbed.

Figure 5 serves to confirm that EPBs can reach the field of view of the receivers located in PR
and be the source of the observed scintillations. For instance, Feb. 18" shows an EPB reaching
about 18° N dip latitude and close to ~20° elevation angle of the Arecibo monitor. Severe
scintillation was observed by the Arecibo monitor on that night and around that time. On the
other hand, no scintillation was observed on Feb. 17" when a poorly developed EPB that only
reached about 10° N dip latitude and did not enter the field of view of the Arecibo monitor. As
a result, no scintillations were observed on that night.

EPBs are plasma structures aligned with the geomagnetic field and, therefore, they are expected
to enter the field of view of the PR monitors from the southeastern direction propagating
poleward. This is the same pattern of the scintillation occurrence rate revealed in Figure 4.

GOLD observations also show that the EIA northern crest reaches the field of view of the PR
monitors even during geomagnetically quiet periods. In the examples presented in Figure 5,
the northern EIA crest reaches the southeast field of view of the monitors, coinciding with the
region of higher scintillation occurrence rate shown in Figure 4. The severity of amplitude
scintillation as measured by the S4 is known to increase in regions of enhanced background
plasma density (e.g., Basu et al., 1988; Beach and Kintner, 2001). Therefore, GOLD images
confirm background plasma conditions favoring the occurrence of intense scintillation on the
GNSS signals.

Finally, the GOLD observations in Figure 5 also serve to show that the day-to-day variability
in scintillation occurrence observed by the monitors in PR (see Figure 3) is not only controlled
by the day-to-day variability in ESF occurrence but also by the day-to-day variability in the
vertical development of EPBs. Mendillo et al. (2005) argued that EPBs would stop rising when
the flux-tube integrated electron density inside the EPB matched the flux-tube integrated
density of the surrounding background ionospheric plasma. Krall et al. (2010) confirmed this
proposition using numerical simulations. Therefore, the variability of the vertical (or
latitudinal) extent of EPBs would be controlled by the variability in the flux-tube integrated
ionospheric plasma densities.
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Figure 4 — Sequence of maps showing the spatio-temporal evolution of quiet-time L-band
scintillations as observed by the three ScintPi 3.0 monitors deployed in Puerto Rico (red
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rate is represented by the colors related to the color bar at the right. The gray-shaded bins
correspond to regions where the number of observations is less than 200 or outside the field of
view. The green dashed circles locate the IPPs (at 350 km) for different elevation angles with
respect to the Arecibo station. The blue solid lines indicate dip latitudes isolines. LT refers to
Atlantic Standard Time (AST).
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Figure 5 — Maps of F-region peak density (NMAX) provided by the GOLD mission for 00:10
UT and for the three quiet and one disturbed night (Feb. 20™) shown in Figure 2. The red dashed
circles indicate the IPPs (at 350 km) for different elevation angles with respect to the Arecibo
station. The red solid lines indicate dip latitudes. The GOLD images confirm that scintillation
is observed when equatorial plasma bubbles reach the field of view of the PR receivers.

4. Conclusions

An increasing number of studies have been reporting the occurrence of ionospheric
irregularities at mid-latitudes (Cherniak and Zakharenkova, 2016, 2022; Katamzi-Joseph et al.,
2017; Aaetal., 2018; Li et al., 2018; Zakharenkova and Cherniak, 2020, 2021; and Sori et al.,
2022). The majority of these studies, however, described case studies observed during
geomagnetically disturbed conditions. Additionally, at times, the source of these plasma
irregularities is difficult to determine unambiguously (Martinis et al., 2015; Kil et al., 2016).

In December 2021 three GNSS-based ionospheric scintillation and TEC monitors were
installed in Puerto Rico (~24.5° N dip latitude) as part of an experimental effort to better
understand mid-latitude irregularities and scintillation. The deployment and the study here
targeted, more specifically, a better understanding of the coupling of low to mid latitudes
during geomagnetically quiet conditions.

We report results of a comprehensive analysis of the first three months of observations (from
December 21%, 2021, to March 20", 2022). Observations made during geomagnetically quiet
times were identified and the analyses focused on the occurrence rate, severity, spatio-temporal
distribution, and origin of the scintillation events detected. Our interpretation of the ground-
based observations was assisted by spaced-based measurements provided by the GOLD
mission.

The main findings can be summarized as follows:
e Over a period of 90 consecutive nights (Dec. 21%, 2021 — Mar. 20", 2022), 43 nights were

under geomagnetically quiet conditions. The occurrence rate of L-band scintillation within
these nights was ~80%, that is, scintillation was observed in 34 of the 43 nights. Perhaps
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more importantly, severe scintillation events (S4 = 1.0) were observed in most cases.
Finally, the scintillation events were accompanied by deep ionospheric TEC depletions.
The spatio-temporal distribution of the scintillation events indicate that scintillation-
producing irregularities occurred, predominantly, to the southeast of PR. This occurrence
suggests that the source of the plasma irregularities is located at low dip latitudes. Also,
22° N dip latitude seems to be the upper boundary, at least for the quiet-time scintillation
events detected in this campaign over the Caribbean region. The study stablishes a baseline
for studies of the latitudinal reach of EPBs and scintillation. Future studies will investigate
the response of the latitudinal reach for different geomagnetic conditions and variations in
solar flux activity, for instance.

Simultaneous space-based observations of the F-region peak electron densities made by the
GOLD mission confirmed, conclusively, that EPBs were the source of irregularities
causing scintillation. Even during geomagnetically quiet times, EPBs commonly reach the
field of view of the PR monitors, that is, dip latitudes greater than 14° N. The observations
also show that quiet-time scintillation is sometimes observed at dip latitudes as high as 18°
N. Additionally, GOLD shows that the EIA and EPBs are more likely to reach the southeast
region of PR which explains the spatio-temporal behaviour of scintillation and occurrence
rates of scintillation in that area (Figure 4).

Furthermore, GOLD shows the development of the northern crest of the EIA reaching the
field of view of the PR monitors. Therefore, GOLD confirms the occurrence of the

enhanced background plasma conditions required for the observed severe scintillation
events.

14



5. Acknowledgements

Work at UT Dallas was supported by NSF Awards AGS- 2122639 and AGS-1916055.
Differential code biases (DCBs) were obtained through the online archives of the Crustal
Dynamics Data Information System (CDDIS), NASA Goddard Space Flight Center, Greenbelt,
MD, USA. The Arecibo Observatory is operated by the University of Central Florida under a
cooperative agreement with the National Science Foundation (AST-1744119) and in alliance
with Yang Enterprises and Ana G. Méndez-Universidad Metropolitana. CGMB and PT would
like to thank the support from NSF Award AGS-2221770. GOLD is supported by NASA
contract S0GSFC18C0061 to the University of Colorado. The authors thank Mr. Carlos Pérez
for hosting the ScintiPi 3.0 deployed at Quebradillas.

6. Availability of data and materials

The  GOLD data s available at  GOLD Science  Data  Center
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IGRF-13 can be accessed at https://www.ngdc.noaa.gov/IAGA/vmod/igrf.html
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