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Abstract This study investigates the Brazilian low‐latitude ionospheric response to CIR/HSS‐driven
geomagnetic storms during the declining phase of solar cycle 24, from 2016 to 2017. In this period the
geomagnetic storms were mostly moderate, SymHmin ≈ − 72 nT, AEmax ≈ 1580 nT, Vswmax ≈ 690 km/s and
lasted, on average, for 6 days. We analyze the variations in Vertical Total Electron Content (VTEC) at three
representative regions: bele, over the equatorial region; boav and cuib, at the northern and southern crests of the
Equatorial Ionization Anomaly. Our findings reveal the role of High‐Speed Solar Wind Streams and Corotating
Interaction Region—driven geomagnetic storms. The VTEC intensifications were up to 30 TECu, during the
daytime and nighttime. Additionally, three categories of nighttime enhancements were observed and analyzed
with distinct characteristics and levels of pre‐reversal strengthening; Depletions up to 20 TECu also occurred
during the day and nighttime. The delay between the storm commencement and the positive and negative
variations were, on average, 7 and 20 hours, respectively. We discuss the Prompt Penetration Electric Fields and
Disturbance Dynamo Electric Fields following the magnetic reconnection between Earth's and interplanetary
magnetic field, using observational data and modeling. Furthermore, this study presents catalogs of low‐latitude
ionospheric storms, providing detailed information for space weather applications and ionospheric modeling.

Plain Language Summary This study examines the impact of solar wind on the low‐latitude
ionosphere, in Brazilian longitudinal sector, during the descending phase of the SC 24, 2016/2017. Specifically,
we focused on High‐Speed Solar wind Streams (HSS) and Corotating Interaction Regions (CIRs) that can cause
disturbances in the Earth's magnetic field, leading to weak‐to‐moderate geomagnetic storms. Our findings show
that these disturbances can affect the low‐latitude ionosphere for several days. By analyzing the variations in the
Vertical Total Electron Content (VTEC), we found that remarkable increases occur during the recovery phase of
these storms, observed at the crests of the EIA. This study provides new insights into the effects of the solar wind
on the Earth's atmosphere during moderate solar activity which can be of interest for space weather applications.

1. Introduction
The Total Electron Content (TEC) is one of the main parameters that allow a diagnosis of the ionosphere. It is a
measure of the electrons along the line of sight from the satellite to the receiver, which is usually mapped to the
vertical TEC (VTEC) by assuming that all free electrons are concentrating within a shell of infinitesimal
thickness, that is, the single model layer (Natras et al., 2022). TEC exhibits diurnal variation (Kelley &Dao, 2009;
Ogwala et al., 2019; Seemala & Valladares, 2011); a seasonal and semiannual behavior (Batista et al., 1994; B. G.
Fejer et al., 2008; L. Liu et al., 2010), as well as a day‐to‐day variability associated with low‐to‐upper atmosphere
coupling processes, for example, gravity waves activity (Abalde et al., 2009; Abdu, 2005; Otsuka et al., 2013).
TEC can be drastically affected during magnetosphere‐ionosphere‐thermosphere (MIT) coupling under the
disturbed geomagnetic conditions that may lead to disturbed electric fields. These electric fields that modulate the
storm‐time equatorial and low latitude ionosphere are prompt penetration electric fields (PPEF), which occur
most strongly after large and sudden changes in high‐latitude convection, and disturbance dynamo electric fields
(DDEF), which in turn are generated by Joule heating and perturbations of global thermospheric circulation
(Blanc & Richmond, 1980; B. G. Fejer et al., 1979, 2017; Richmond et al., 2003). The short‐lived PPEF is highly
correlated with the interplanetary magnetic field (IMF) Bz, within the solar wind. It also can be related to
interplanetary forcings such as Coronal Mass Ejections (CMEs), also known as Interplanetary Coronal Mass
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Ejections (ICMEs), and Corotating Interaction Regions (CIRs) also known as Stream Interaction Regions (SIRs)
(Richardson, 2018; Richardson & Cane, 2010). In the dayside (nightside) ionosphere, a southward turning of Bz
leads to an eastward (westward) electric field disturbance (B. G. Fejer, 2011; B. G. Fejer et al., 1979).

It is well known that high solar activity can severely affect the ionosphere (Balan et al., 2011; Farid et al., 2020;
Hanson et al., 2019; Mannucci et al., 2005; Mishra et al., 2020; Valladares et al., 2009). However, unusually quiet
and extended period of low solar activity from 2006 to 2010 has sparked renewed interest in the role of low solar
activity (Emery et al., 2011; Gibson et al., 2009; Kavanagh & Denton, 2007; Verkhoglyadova et al., 2013).
Between them there are transitional periods lasting for few years: the descending and ascending phase of solar
cycle (SC). In the declining phase of the solar cycles (SCs), the most prominent solar structures are the coronal
holes (CHs) which emanate High‐Speed Solar wind Streams (HSS), a plasma which travels in the interplanetary
space with speed higher than 400 km/s. The interaction between HSSs and precedent low‐speed streams (LSS), is
responsible by interaction regions which co‐rotate with the sun, referred as corotation interaction region (CIRs).
CIRs usually cause weak to moderate, long‐duration (days), and recurrent geomagnetic storms (Matamba &
Habarulema, 2018; Richardson, 2018; Tsurutani et al., 2006).

Some authors reported the high ionospheric variability during geomagnetic storms caused by CIRs/HSSs
(Candido et al., 2018; S. Chakraborty et al., 2020; Kutiev et al., 2012; Lei et al., 2008; J. Liu et al., 2012; Matamba
& Habarulema, 2018; Pedatella & Forbes, 2011; Verkhoglyadova et al., 2013; Yeeram, 2017), indicating a
prominent level of variability of plasma densities and content. Verkhoglyadova et al. (2011) analyzed the global
TEC variation during theWhole Heliospheric Interval (WHI) fromMarch 2008 to April 2008 (solar minimum SC
23) and observed considerable TEC increases during CIR‐HSS storms. They also have identified a distinct
relationship between the infrared emission irradiated from the thermosphere and CIR‐HSS intervals.

Some case studies of the ionospheric response to CIR/HSS‐driven geomagnetic storms were also performed for
different regions or periods (Azzouzi et al., 2016; Candido et al., 2018; M. Chakraborty et al., 2015; Migoya‐Orue
et al., 2016; Tulasi Ram et al., 2015). Candido et al. (2018) investigated the Brazilian equatorial and low‐latitude
ionospheric response during the WHI interval between March and April 2008. By analyzing VTEC, and other
ionospheric parameters taken from Digisonde observations, they have observed that during HSS intervals, the
VTEC increased by more than 130%, which can be comparable to intense storms. Studies also relate the iono-
spheric response to CIR/HSS in Brazil with periods of High‐Intensity Long Duration Continuous Auroral Activity
(HILDCAAs) (Koga et al., 2011; Negreti et al., 2017; Pereira Silva et al., 2017, 2020).

One important aspect of the VTEC response to the geomagnetic storms is the nighttime VTEC enhancement.
Previous studies (Le et al., 2014; L. Liu et al., 2013; Wang et al., 2022; Yadav et al., 2020 and references therein)
have reported ionospheric nighttime enhancement. Wang et al. (2022) has performed a statistical study on the
equatorial ionospheric nighttime enhancement and has classified three types of these enhancements with respect
to their morphology. Type 1 nighttime enhancement is characterized by a typical Equatorial Ionization Anomaly
(EIA) structure, with two crests around 15°N and 15°S. However, instead of the crests dissipating after sunset,
they persist throughout the night, gradually closing to the equator until 0 LT and disappearing afterward. Type 2
nighttime enhancement is characterized by the typical EIA structure, with two crests around 15°N and 15°S.
Despite the EIA dissipating after sunset, there is an observed increase in TEC in the equatorial region, as if the
plasma were contracting at the magnetic equator. Subsequently, this intensification also extends to both crests,
appearing at higher latitudes but with weaker intensity. Type 3 nighttime enhancement is defined by a prominent
single crest at a lower latitude (10°N in the example in Wang et al., 2022) until sunset. Following this, the TEC
declines until a surge occurs, starting from 21 T, first noticeable in the “counter” region (the southern crest in this
example). Subsequently, this increase spreads to the equatorial region and the other crest, albeit with less in-
tensity, lasting until around 2 LT. In our results, we classify the nighttime enhancements according to Wang
et al. (2022), applying the same criteria, ∆TEC ≥ 2 TECu for at least 1 hr, except the reference VTEC is the
average of the 5 quietest days.

This paper is, to the best of our knowledge, the first attempt to characterize the ionospheric response during the
whole descending phase of the SC 24, focusing on the TEC variation at equatorial region and at around the crests
of EIA. Moreover, our findings enhance the understanding of space weather modeling and forecasts, particularly
during moderate solar activity.
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2. Data and Methodology
To characterize the solar and geomagnetic events associated with CIRs/HSSs, we analyzed a range of solar,
interplanetary, and geomagnetic indices/parameters. These interplanetary parameters were measured by in-
struments onboard the ACE satellite and provided by the SPDF OMNIWeb database (https://omniweb.gsfc.
nasa.gov/). They are the Solar wind speed, Vsw (km/s); the proton temperature, Tp (106 K); the proton density,
Np (1/cm³); the dynamic pressure, P (nPa); the interplanetary magnetic field, IMF |B| and its components:
Bx, By and Bz (nT); the interplanetary electric field Ey (mV/m) and the solar flux parameter/index, F10.7
(SFU), where 1 SFU = 10− 22 W/Hz m2 (Tapping, 2013). The coordinate system used is Geocentric Solar
Magnetospheric (GSM) (Laundal & Richmond, 2017; Nakagawa et al., 2019). Additionally, we utilized
geomagnetic data provided by OMNI Web, which includes the symmetric H geomagnetic field component
(SymH) in nT, the 3‐hr planetary K from Potsdam, and the auroral electrojet index (AE) in nT. The data is
provided in universal time (UT). We classified the geomagnetic storms based on the criteria by Gonzalez
et al. (1994) (− 30 nT ≥ Dst > − 50 nT for weak; − 50 nT ≥ Dst > − 100 nT for moderate and Dst ≤ − 100 nT
for intense storms), applied to SymH, a proxy for Dst.

To study the ionospheric response, we analyzed the VTEC parameter across three representative regions in Brazil:
the north and south crests of the Equatorial Ionization Anomaly (EIA) at Boa Vista and Cuiabá (boav and cuib),
with local times LT=UT–4 and LT=UT–3.7; and the equatorial region in Belém (bele) with LT= UT–3.2. The
LTs were obtained as in Zhou et al. (2018). The coordinates and locations are detailed in Table 1 and Figure 1. The
receiver independent exchange (RINEX) data was provided by the GNSS receivers network from RBMC (Rede
Brasileira deMonitoramentoContínuo)managed by IBGE (InstitutoBrasileiro deGeografia eEstatística) inBrazil
(https://www.ibge.gov.br/en/geosciences/geodetic‐positioning/geodetic‐networks/20079‐brazilian‐network‐for‐
continuous‐monitoring‐gnss‐systems.html?lang=en‐GB). The VTEC was calculated using the GPS Gopi version
3.03 analysis code developed at BostonCollege by Seemala andValladares (2011) (https://seemala.blogspot.com/,
accessed on 14 April 2022). This code uses pseudo‐range and code phase observations at L1 and L2 frequency
bands to reduce errors such as tropospheric delay and clock offsets. The elevation angles considered are above 30°
(Seemala, 2012; Valladares et al., 2009 for more details).

The difference between the absolute VTEC and relative VTEC was calculated as follows:

∆VTEC = VTEC − RTEC (1)

VTEC represents the absolute VTEC (ATEC), while RTEC (Relative VTEC) is the average VTEC value for each
minute during the five quietest days (5QD) of the month. These 5QD are selected based on the Kp index and

Table 1
The Stations, Their Locations, Latitude (°), Longitude (°), and Dip (°) Calculated With the International Geomagnetic
Reference Field, IGRF‐13 Model (Alken et al., 2021); Local Time, Dawn Time, Sunset Time, and Type of Instrument

Stations Geo lat (°) Geo long (°) Dip (°) LT Dawn (LT) Sunset (LT) Instrument

boav
Boa Vista ‐RR

2.8 − 60.7 18.3 UT–4:00 6:15 18:15 GNSS

bele
Belém‐ PR

− 1.5 − 48.5 − 1.9 UT–3:12 6:15 18:30 GNSS/Magnetometer

salu
São Luís–MA

− 2.5 − 44.3 − 9.1 UT–2:54 5:55 17:59 Digisonde

piur
Piura ‐Peru

− 5.2 − 80.6 12.4 UT–5:24 6:23 18:21 Magnetometer

jica
Jicamarca Peru

− 11.7 − 76.7 0.4 UT–5:06 6:11 18:01 Magnetometer

cuib
Cuiabá MS

− 15.6 − 56.1 − 17.9 UT–3:42 6:25 18:25 GNSS

vass
Vassouras RJ

− 22.4 − 43.7 − 38.8 UT–2:54 6:09 17:40 Magnetometer

Note. All the stations are in Brazil, except for Jicamarca and Piura.
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provided by the Kyoto World Data Center (WDC Kyoto, https://wdc.kugi.kyoto‐u.ac.jp/qddays). RTEC for each
minute is calculated by averaging the VTEC values corresponding to that minute across the five quietest days
within the samemonth. This ensures that RTEC values accurately represent ionospheric conditions during periods
of minimal activity. In months where not all 5QD are available, the available days are used instead. However, this
situation only occurred in January 2016 for cuib and bele (day 30 is missing for bele and day 25 for cuib), and in
May 2016 and December 2016 for boav (only day 4 is available in May, and day 30 is missing in December). The
information concerning the number of quiet days available for all the stations is in the Tables S1 and S2.

The VTEC percentage deviation (δVTEC) was calculated as follows as reported by Candido et al. (2018) and
references therein:

δVTEC = (
ATEC − RTEC

RTEC
) × 100. (2)

A statistical analysis and discussion on the features of the ionospheric response to moderate and few intense
(SymH ≤ − 50 nT) CIR/HSSs‐driven geomagnetic storms, whose influence on the low latitude Brazilian iono-
sphere is investigated. Neither weak storms nor CME‐driven storms or storms caused by other interplanetary
structures were accounted for the study. We analyzed quantitative terms of δVTEC, including the timing and
magnitude of its peak intensifications and decreases across distinct phases of geomagnetic storms. We identify
geomagnetic storms triggered by CIRs/HSS by using interplanetary parameters, as follows: (a) We consulted the
CHs report on Solen. Info (https://solen.info/solar/coronal_holes.html) and solar disk images at the same site for
identifying CHs, (b). Then, we checked OmniWeb interplanetary and geomagnetic data set for the respective
geomagnetic storms caused by them; (c) We identified a peak in Np followed by another in |B| prior to the
geomagnetic storm, near the stream interface, (d) We use a threshold in solar wind velocity >400 km/s. These
criteria were based on Tsurutani et al. (2006) and Grandin et al. (2015). The criteria were useful to differentiate the
geomagnetic storms we aim to study from the ones caused by other solar forcings, like, for example, ICMEs. The

Figure 1. The map of South America showing the locations of GNSS, Digisonde, and magnetometer stations, along with
latitude, longitude, and magnetic lines across the region. GNSS stations at the northern crest (boav, Dip: +18.3°) and
southern crest (cuib, Dip: − 17.9°), as well as the dip equator (bele, Dip: − 1.9°), are indicated. The Digisonde station near the
equator (salu, Dip: − 9.1°) is also marked. Magnetometers used for drift calculations include one at the dip equator (bele, Dip:
− 1.9°; jica, Dip:+0.4°) and others outside the dip equator region (vass, Dip: − 38.8°; piur, Dip:+12.4°). Red triangles denote
magnetometers, a green square represents the Digisonde station near the dip equator, and blue circles indicate GNSS stations.
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phases of the geomagnetic storms follow the classification by Gonzalez et al. (1994): initial phase, main phase
(when SymH reaches its minimum, SymHmin), and recovery phase (returning to pre‐storm conditions). We define
the start of the main phase as when SymH first becomes negative and progresses toward reaching SymHmin. This
point (t0) is chosen for studying ionospheric delay because not all geomagnetic storms caused by CIRs/HSSs
exhibit sudden storm commencement (SSC) in SymH, as noted by Tsurutani et al. (2006). The main phase
concludes when SymH reaches SymHmin. The recovery phase starts, entailing ongoing disturbances but with
SymH returning to near‐background values, close to 0 nT, indicating the end of the storm. All the information
regarding the statistics of the geomagnetic storms is included in the Tables S3–S10.

We also present three case studies that are included in the statistics to highlight the characteristics of the
geomagnetic storms and their effects. The first case occurred between 7 and 12 May, 2016. The second case
occurred between 26 March and 3 April 2017. The third case occurred between 6 and 14 November, 2017. In
these case studies, we analyzed interplanetary parameters (Vsw, Bz, and Ey), geomagnetic indexes (SymH and
AE), the VTEC, RTEC, Digisonde data, drift data derived from magnetometers using the H component, and the
solar flux (F10.7). For the case studies, daytime drift was calculated using the horizontal component (H) data from
magnetometers available on the SAMBA‐AMBER network, accessible at https://magnetometers.bc.edu/. The
magnetometer stations chosen to calculate ∆H and obtain the drift were Belém (bele) and Vassouras (vass). We
refer to Anderson et al. (2002), (2004); Yizengaw and Moldwin (2009), for obtaining the daytime drift. We
selected one calm day, based on the quiet days from Kyoto, for each case, as the reference for the quiet time. This
reference was repeated for each day of the storms. For the May 2016 case study, due to data unavailability from 7
May to 12 May on bele‐vass, data from Jicamarca (jica) and Piura (piu) were used. The coordinates and locations
can be found in Table 1 and Figure 1. Santos et al. (2016) already assumed that drifts over Jicamarca should be
like the drifts over the equatorial sector in Brazil and justified that the zonal plasma drift and zonal wind velocities
can be approximately equivalent. Furthermore, Digisonde observations from São Luis (salu) provided parameters
such as F‐region critical frequency (foF2), virtual height (h’F) in meters, and F‐layer peak height (hmF2) in
meters, processed using the SAO Explorer software package. The station coordinates are listed in Table 1 and
Figure 1. For completeness, we employed the empirical vertical disturbance drift model developed by Fejer and
Scherliess (1997b), Fejer and Scherliess (1997a) to examine the impact of DDEF and PPEF on the vertical E x B
drift. This approach assesses the plasma drift perturbation by considering the combined effects of short‐lived
PPEF and longer‐lasting DDEF in response to a time series with a 15‐min resolution of AE indices. Addition-
ally, it incorporates an analytical description of the quiet‐time F region vertical drift from Scherliess and
Fejer (1999), employing cubic‐B splines and conservative electric fields. For more details, please refer to Fejer
and Scherliess (1997b), Fejer and Scherliess (1997a) and Scherliess and Fejer (1999). Both models are in the
International Reference Ionosphere model 2020 (Bilitza, 2018; Bilitza et al., 2022). In the of Supporting Infor-
mation S1, we included plots of the interplanetary parameters and geomagnetic indices for the three geomagnetic
storms, along with images of the coronal holes (CHs) that were the sources of these storms (Figures S1–S3 in
Supporting Information S1). Additionally, we provided a compilation of GUVI O/N2 plots for the period, except
for May 2016, which includes a previous mild storm (Figures S4–S6 in Supporting Information S1).

3. Results
Figure 2 shows the interplanetary and geomagnetic parameters and indices variation through the descending
phase of the SC 24 from 2016 (left) to 2017 (right). From the top to bottom, the panels show: Vsw (km/s); P (nPa);
Tp (106 K); Np (1/cm³); |B|, Bx, By, and Bz (nT); Ey (mV/m); SymH (nT); Kp; AE (nT) and the solar flux, F10.7
(SFU). The horizontal reference blue lines in the plots laying in the magnetic field |B|, its components Bx, By and
Bz, Ey and SymH, indicates 0 nT. The horizontal dashed green lines over Vsw, SymH, Kp, and AE denote the
lower boundary of moderate geomagnetic storms (Vsw = 400 km/s, SymH = − 50 nT, Kp = 4, and
AE = 1,000 nT). These reference lines make it easier to identify geomagnetic storms caused by CIRs, usually:
− 50 ≥ SymH < − 100 nT, Kp > 4, AE > 1,000 nT and Vsw > 400 km/s (Gonzalez et al., 1994; Kivelson
et al., 1996; Loewe & Prölss, 1997; Tsurutani et al., 2006).

From 2016 to 2017, 23 moderate (− 50 ≤ SymH ≤ − 100 nT) and 3 intense (SymH ≤ − 100 nT) geomagnetic
storms associated with CIR/HSSs structures were observed. All the information concerning these storms is
gathered in catalog Table S3. The information concerning the delay, peak ∆VTEC and δVTEC for the three
stations are gathered in catalogs Tables S4–S10.
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3.1. CIR/HSS Representative Case Studies

In this section, we present three case studies previously mentioned in Section 2. The first one took place in May
2016, during the southern winter solstice. The second case occurred in March 2017, in southern autumn equinox.
Finally, the third case occurred in November 2017, in summer solstice. For detailed dates, please refer to Sec-
tion 2–Data and Methodology. Figures showing the CHs, interplanetary parameters, and geomagnetic indexes,
and thermospheric O/N2 are included in the Figures S1–S6 in Supporting Information S1.

3.1.1. Case Study 1–May 2016

Figure 3 shows an intense geomagnetic storm observed from 7 May to 12 May 2016. Panels (a to e) display Vsw
(km/s), SymH (nT), IMF Bz (nT), Ey (mV/m), and AE (nT) respectively. Panel (f) shows the modeled disturbed
(black line) and quiet time (gray) vertical E x B drift (m/s) at bele (dip: − 1.9°; Lon = − 48.5; LT = UT–3:18),
equatorial region (Fejer & Scherliess, 1997a, 1997b; Scherliess & Fejer, 1999). Panel (g) depicts the daytime
vertical drift (in black) and the quiet day on 25 May (in gray), calculated from magnetometer ∆H data from jica
(dip: +0.4°; LT = UT–5:06) and piur (dip: +12.4°; LT = UT–5:24), due to the absence of magnetometer data in
vass and bele during May 2016, as mentioned in Section 2. We refer to Yizengaw & Moldwin, 2009 for
calculating the drifts. Panels (h and i) display the DDEF drift (m/s) and the PPEF drift (m/s), both obtained using
the same model mentioned previously for panel (f). Panels (j and l) show the ionospheric parameters from
Digisonde observations at salu (dip: − 9.1°, LT = − 2:54). They are the F‐region critical frequency (foF2), the
virtual height (h’F) in meters (m), and the F‐layer peak height (hmF2) in meters (m). Panels (m, n, and o) display
absolute VTEC (black) and relative VTEC (gray line) for boav (dip: +18.3°; LT = UT–4:00), bele (dip: − 1.9°;
LT = UT–3:18), and cuib (dip: − 17.9°; LT = UT–3:42). The calculation of relative VTEC (RTEC), based on
Equation 1 (∆VTEC = VTEC—RTEC), involves averaging VTEC values during the five quietest days (5QD) of

Figure 2. Solar, interplanetary parameters, and geomagnetic indices variation from 2016 to 2017. From top to bottom panels: Vsw (km/s); P (nPa); Tp (106 K); Np (1/
cm³); IMF |B| and its components Bx, By and Bz (nT); Ey (mV/m); SymH (nT); Kp; AE (nT) and F10.7 (SFU). Dashed green lines represent, respectively: the solar wind
speed = 400 km/s; the moderate storms SymH = − 50 nT; the geomagnetic disturbance level, Kp = 4 and AE = 1,000 nT. The continuous blue lines represent the zero‐
reference line for IMF, IEF and SymH. In September 2017 there is an ICME event that is not included in our study, indicated in the last panel.
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Figure 3. Interplanetary parameters, geomagnetic indexes, ionospheric parameters, and solar flux variations from 07 to 12 May 2016. The panels display: (a) Vsw (km/
s), (b) SymH (nT), (c) Bz (nT), (d) Ey (mV/m), and (e) AE (nT). Panel (f) shows the modeled drift during the disturbed period (black line) and the quiet time (gray line),
for bele. Panel (g) shows the calculated drift from jica‐piur (black line) and the drift of the quiet day, 25 May (gray line). Additionally, panels (h, i) display the model
DDEF and PPEF drifts (m/s, black lines). Panel (j) shows the critical frequency of the ionospheric F2 layer (foF2) in Hertz (black line) and the 3 quiet days average
(3QD, gray line). Panel (k) depicts the minimum virtual height of trace F (h’F) in meters (black line) and the 3QD (gray line). Panel (l) illustrates the height of the peak
electron density (hmF2) in meters (black line) and the 3QD (gray line) at salu (dip: − 9.4°). From (m to o), the VTEC values (black line) and RTEC (gray line) for
representative regions are shown, with the standard deviation depicted as shaded light gray. Panel (p) shows the flux F10.7 (gray bars) and the 5QD average of F10.7
(blue line). The blue continuous line in (a) indicates Vsw= 400 km/s. The continuous green dashed horizontal line in (b) is SymH= − 50 nT. The vertical dashed red line
indicates t0, and the blue one indicates SymHmin. The horizontal red bar in foF2 and hmF2 indicates the occurrence of Spread‐F.
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the month. The light gray shaded area represents the standard deviation range of RTEC. There are gaps of data in
boav from 9 May that 0 UT (8 May at 20 UT, boav) to the rest of the storm. Panel (p) depicts the solar flux index,
F10.7, with the average F10.7 (blue line) for the five quietest days of the month. The vertical dashed red line
indicates t0, and the blue one indicates SymHmin. The horizontal red bar in foF2 and hmF2 indicates the
occurrence of Spread‐F. For more details about Spread‐Fs, we refer to Abdu, 2001; Abdu et al., 1983; Burke
et al., 2004; McClure et al., 1977; Rastogi, 1980 and references therein. The five quietest days of May 2016, as
indicated by WDC Kyoto, were: 25, 26, 12, 23, and 4. At boav, it was only possible to use 4 May as the reference
day, since there is a data gap from the 10 May to 26 May.

The dashed vertical red and blue lines represent, respectively, the t0 and the SymHmin. The highlight the star and
the end of the main phase of the storm The top x‐axis shows the days in UT. Days are shown at 0 UT. The bottom
x‐axis shows the hours in UT.

The intense geomagnetic storm interval begins at the onset of 8 May. During this interval, VTEC rises compared
to the reference. It starts at 0 UT (21 LT) and reaches about 7 TECu at 3:30 UT (0:30 LT) in the EIA crests at
night. This increase is observed 30 min after a southward turning of Bz, from 23:30 UT (20:30 LT) to 0:30 UT
(21:30 LT).

The main phase starts on 8 May at 1:56 UT (21:56 LT, boav; 22:44 LT, bele; 22:14 LT, cuib) and
SymHmin = − 105 nT on 8 May at 8:15 UT (4:15 LT, boav; 05:03 LT, bele; 04:33 LT, cuib). During the main
phase, the lowest value of Bz was − 12.6 nT observed at 2 UT (22:00 LT, boav; 22:48 LT, bele; 22:18 LT,
cuib). The Bz is steadily southward for 3 hr, with a small northward turn around 3 UT (23:00 LT, boav;
23:48 LT, bele; 23:18 LT, cuib). It becomes southward again until the end of the main phase at 8:15 UT
(04:15 LT, boav; 05:03 LT, bele; 04:33 LT, cuib) of the same day. The AE index remains above 1,000 nT for
approximately 6 hr.

During the initial phase of the intense geomagnetic storm, from the 23 UT (19:00 LT, boav; 19:48 LT, bele; 19:18
LT, cuib) of 7 May, a nighttime VTEC increase compared to RVTEC, in all stations started at 0 UT (20:00 LT,
boav; 20:48 LT, bele; 20:18 LT, cuib). In boav, ∆VTEC–4 TEC on 8 May at 4 UT (7 May, 0 LT, boav); in bele
VTEC ∼ RTEC; and cuib ∆VTEC–7 TECu on 8 May at 3 UT (7 May, 23:18 LT, cuib). These intensifications
occurred 30 min after a southward turning of Bz, from 23:30 UT (19:30 LT, boav; 20:18 LT, bele; 19:48 LT, cuib)
to 0:30 UT (20:30 LT, boav; 21:18 LT, bele; 20:48 LT, cuib). On 8 May at 9 UT (5:00 LT, boav; 5:48 LT, bele;
5:18 LT cuib), the Bz turns northward, and VTEC values are very similar to the RTEC all stations from 9UT (5:00
LT, boav; 5:48 LT, bele; 5:18 LT cuib) to 11 UT (7:00 LT, boav; 7:48 LT, bele; 7:18 LT cuib). After this period,
the VTEC values gradually intensified at cuib and bele, while in boav, the intensification started after 13 UT (9:00
LT, boav). The intensifications reach 11 TECu in boav at 20 UT (16:00 LT, boav), 12 TECu in bele at 18:40 UT
(15:28 LT, bele), and in cuib 25 TECu at 19 UT (15:18 LT, cuib). These intensifications persisted through the
night and into the first day of the recovery phase until at least 0 UT (20 LT, boav) in boav. After 9 May at 0 UT
(20:00 LT, boav; 20:48 LT, bele; 20:18 LT, cuib), the intensification ceases in bele at 1 UT (21:18 LT) and keep
with noteworthy VTEC enhancements of ∼18 TECu at the southern crest of the EIA, ceasing at 7 UT (3:18 LT,
cuib). Concurrently, it is observed a DDEF∼20m/s in the model. The DDEF nighttime is eastward, and drives the
F region uplift. Navarro et al., 2019 discuss that the reversal of the drift shifts to later local times with low solar
flux and is the smallest in May, which seems to agree with our results. During the whole geomagnetic storm we
observed intensifications in the rate of O/N2 in the low latitudes, compared to the quiet day as shown Figure S4 in
Supporting Information S1. 4 May was chosen as the reference due to the unavailability of the other quiet days
(25, 26, 23) and 12 May is the recovery phase of the storm.

3.1.2. Case Study 2 – March 2017

Figure 4 shows a moderate geomagnetic storm observed from 26 March to 3 April 2017. Panels (a to e) display
Vsw (km/s), SymH (nT), IMF Bz (nT), Ey (mV/m), and AE (nT) respectively. Panel (f) shows the modeled
disturbed (black line) and quiet time (gray) vertical E x B drift (m/s) at bele (dip: − 1.9°; Lon = − 48.5; LT= UT–
3:18), equatorial region. Panel (g) depicts the daytime vertical drift (in black) and the quiet day 13 March (in
gray), calculated from magnetometer ∆H data from bele (dip: − 1.9°; LT = UT–3:12) and vass (dip: − 38.8°;
LT = UT–2:54). Panels (h and i) display the DDEF drift (m/s) and the PPEF drift (m/s). No Digisonde data close
to the dip equator in Brazil was available in this period. Panels (j, k, and l) display VTEC (black) and RVTEC
(gray line) for boav (dip: +18.3°; LT = UT–4:00), bele (dip: − 1.9°; LT = UT–3:18), and cuib (dip: − 17.9°;
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Figure 4. Interplanetary parameters, geomagnetic indexes, ionospheric parameters, and solar flux variations from 26March to 4 April 2017. The panels display: (a) Vsw
(km/s), (b) SymH (nT), (c) Bz (nT), (d) Ey (mV/m), and (e) AE (nT). Panel (f) shows the modeled drift during the disturbed period (black line) and the quiet time (gray
line), for bele. Panel (g) shows the calculated drift from bele‐vass (black line) and the drift of the quiet day, 13 March (gray line). Additionally, panels (h, i) display the
model DDEF and PPEF drifts (m/s, black lines). From (j to l), the VTEC values (black line) and RTEC (gray line) for representative regions are shown, with the standard
deviation depicted as shaded light gray. Panel (m) shows the flux F10.7 (gray bars) and the 5QD average of F10.7 (blue line). The vertical dashed red line indicates t0,
and the blue one indicates SymHmin. The blue continuous line in (a) indicates Vsw = 400 km/s. The continuous green dashed horizontal line in (b) is SymH = − 50 nT.
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LT = UT–3:42). The light gray shaded area represents the standard deviation range of RTEC. Panel (m) depicts
the solar flux index, F10.7, with the average F10.7 (blue line) for the five quietest days of the month. The five
quietest days of March 2017, as indicated by WDC Kyoto were: 20, 19, 18, 13 and 17.

The start of the geomagnetic storm's main phase occurred on 27 March at 4:55 UT (0:55 LT, boav; 1:43 LT, bele;
1:13 LT cuib) (t0). Currently, the solar wind speed (Vsw) has increased from 395 to 650 km/s, in 12 hr and the
values have been >400 km/s over 6 days. The velocity reached a maximum Vswmax = 751.6 km/s on 28 March at
04:26 UT. The geomagnetic storm associated with the event is considered moderate according to Gonzalez
et al. (1994), SymHmin = − 86 nT on 27 March at 16:15 UT (12:15 LT, boav; 13:03 LT, bele; 12:33 LT cuib).
During the main phase of the storm, auroral activity (AE) intensifications were observed starting from 27 March
at 3 UT. Peak intensities occurred at 1,374 nT on 27 March at 10:30 UT. In the recovery phase, AE peaked at
1,505 nT on 28 March at 3 UT, 1,568 nT on 31 March at 9:30 UT, and 1,696 nT on 1 April at 9 UT, indicating
heightened geomagnetic activity throughout the storm period. The magnetic field component Bz exhibits os-
cillations during the main phase of the storm. The minimum value of Bz (Bzmin) reaches − 14.1 nT. However, this
southward orientation is sustained for less than 2 hr during the beginning of the main phase. In the end of the main
phase, Bz is negative from 11 UT (7:00 LT, boav; 7:48 LT, bele; 7:18 LT cuib) to 16 UT (7:00 LT, boav; 7:48 LT,
bele; 7:18 LT cuib) to. During the recovery phase, which spans 6 days, the Bz component continues to exhibit
prominent levels of oscillation, fluctuating between southward and northward orientations multiple times. Our
results show VTEC in all stations was close to the reference line in the beginning of the main phase since it was in
the nighttime sector. VTEC intensifications occurs after 27 March at 12 UT (08:00 LT, boav; 08:48 LT, bele;
08:18 LT, cuib) in all stations. The maximum ∆VTEC for this day (∆VTECmaxday) occurred: in boav,
∆VTECmaxday = 16 TECu at 16 UT (12:00 LT, boav); in bele, ∆VTECmaxday = 15 TECu at 22:32 UT (19:20 LT,
bele) and in cuib, ∆VTECmaxday= 15.4 TECu at 22:40 UT (18:58 LT, cuib). During daytime, there were observed
increases in the drift velocity of the magnetometer, despite the drift model closely matching the reference quiet
time. This difference could be attributed to the utilization of the AE index as an input to the model. It is worth
noting that the AE index exclusively demonstrates nighttime peaks during this period. In boav, the intensifications
last until after the main phase at 18 UT (14:00 LT, boav), while in cuib the intensification goes on until 28 March
at 0 UT (27 March, 20:18 LT, cuib) and at bele it will end on 28 March at 2 UT (27 March, 22:48 LT, bele).
Nighttime enhancements occur on every day, from 28 March to 3 April, except on 30 March, when from 21 UT
(17:00 LT, boav; 17:48 LT, bele; 17:18 LT, cuib) until 5 UT (01:00 LT, boav; 01:48 LT, bele; 01:18 LT, cuib),
VTEC decreases are observed compared to the RTEC. It is noteworthy that these effects occur when the Bz
component of the IMF is more positive than negative for approximately 6 hr. However, the Bz magnitude is only
around 5 nT. This is correlated to the period of increased levels of geomagnetic activity on the main phase during
daytime.

3.1.3. Case Study 3–November 2017

Figure 5 shows a moderate geomagnetic storm observed from 6 November to 14 November 2017. Panels (a to e)
display Vsw (km/s), SymH (nT), IMF Bz (nT), Ey (mV/m), and AE (nT) respectively. Panel (f) shows the
modeled disturbed (black line) and quiet time (gray) vertical E x B drift (m/s) at bele (dip: − 1.9°; Lon = − 48.5;
LT = UT–3:18), equatorial region. Panel (g) depicts the daytime vertical drift (in black) and the quiet day on 6
November (in gray), calculated from bele‐vass. Panels (h and i) display the DDEF drift (m/s) and the PPEF drift
(m/s). Panels (j and l) show the ionospheric parameters from Digisonde observations at salu: the F‐region critical
frequency (foF2), the virtual height (h’F) in meters (m), and the F‐layer peak height (hmF2) in meters (m). Panels
(m, n, and o) display absolute VTEC (black) and relative VTEC (gray line) for boav, bele and cuib. The light gray
shaded area represents the standard deviation range of RTEC. Panel (p) depicts the solar flux index, F10.7, with
the average F10.7 (blue line) for the five quietest days of the month. The vertical dashed red line indicates t0, and
the blue one indicates SymHmin. The horizontal red bar in foF2 and hmF2 indicates the occurrence of Spread‐F.
The quietest days of November 2017, per WDC Kyoto, were: 6, 5, 26, 1, and 4.

The main phase of the geomagnetic storm spanned from 7 November, 8:46 UT (boav; 05:34 LT, bele; 05:04 LT,
cuib) to 8 November, 4:04 UT (00:04 LT, boav; 00:52 LT, bele; 00:22 LT, cuib) with SymHmin reaching − 89 nT.
Notably, 6 November exhibits a period of “calm before the storm” with Vsw < 400 km/s, SymH, Bz, Ey ≈ 0 nT,
AE–25 nT, and Kp < 1.5 for over 6 hr. We refer to Borovsky & Steinberg, 2006, for more details on “calm before
the storm.” Ionospheric parameters also reflect this calm state. During the main phase, AE peaked at 1,172 nT at
19:17 UT (15:17 LT, boav; 16:05 LT, bele; 15:35 LT, cuib), staying below 1,000 nT. Bz is initially southward
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Figure 5. Interplanetary parameters, geomagnetic indexes, ionospheric parameters, and solar flux variations from 6 November to 12 November 2017. The panels
display: (a) Vsw (km/s), (b) SymH (nT), (c) Bz (nT), (d) Ey (mV/m), and (e) AE (nT). Panel (f) shows the modeled drift during the disturbed period (black line) and the
quiet time (gray line), for bele. Panel (g) shows the calculated drift form bele‐vass (black line) and the drift of the quiet day, 6 November (gray line). Additionally, panels
(h, i) display the model DDEF and PPEF drifts (m/s, black lines). Panel (j) shows the critical frequency of the ionospheric F2 layer (foF2) in Hertz (black line) and the 3
quiet days average (3QD, gray line). Panel (k) depicts the minimum virtual height of trace F (h’F) in meters (black line) and the 3QD (gray line). Panel (l) illustrates the
height of the peak electron density (hmF2) in meters (black line) and the 3QD (gray line) at salu (dip: − 9.4°). From (m to o), the VTEC values (black line) and RTEC
(gray line) for representative regions are shown, with the standard deviation depicted as shaded light gray. Panel (p) shows the flux F10.7 (gray bars) and the 5QD
average of F10.7 (blue line). The vertical dashed red line indicates t0, and the blue one indicates SymHmin. The blue continuous line in (a) indicates Vsw = 400 km/s.
The continuous green dashed horizontal line in (b) is SymH = − 50 nT. The horizontal red bar in foF2 and hmF2 indicates the occurrence of Spread‐F.
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from 9 UT (05:00 LT, boav; 05:48 LT, bele; 05:18 LT, cuib) to 12 UT (08:00 LT, boav; 08:48 LT, bele; 08:18 LT,
cuib), then resumed from 12 UT (08:00 LT, boav; 08:48 LT, bele; 08:18 LT, cuib) to 15 UT (11:00 LT, boav;
11:48 LT, bele; 11:18 LT, cuib), persisting mostly southward thereafter. The recovery phase began promptly
after, lasting from 7 November at 6:51 UT (02:51 LT, boav; 03:39 LT, bele; 03:09 LT, cuib) to 11 November at
15:15 UT (11:15 LT, boav; 12:03 LT, bele; 11:33 LT, cuib) on. The storm concluded on 13 November with solar
wind velocity dropping below 400 km/s.

In the initial phase, on 7 November at 7 UT (03:00 LT, boav; 03:48 LT, bele; 03:18 LT, cuib), VTEC values
closely RTEC in all stations. The model suggests that negative contributions from PPEF (∼‐1.8 nT) correlate with
a decrease in hmF2 relative to the baseline.

During the first hours of the main phase of the geomagnetic storm, from 7 November, from 9 UT (05:00 LT, boav;
05:48 LT, bele; 05:18 LT, cuib) to 18 UT (14:00 LT, boav; 14:48 LT, bele; 14:18 LT, cuib), the VTEC starts
increasing to values exceeding RTEC in bele from 13 UT (09:00 LT, boav; 09:48 LT, bele; 09:18 LT, cuib; 10:06
LT, salu). Concurrently, foF2, h'F, and hmF2 were below the average in salu. In the northern crest of the EIA,
boav, the VTEC was under RTEC, and at the southern crest of EIA, cuib, VTEC was close to the reference. After
18 UT, the AE index reached 1,000 nT, indicating a sudden increase in auroral activity. VTEC intensifications
were observed in boav, bele, and cuib from 19 UT (15:00 LT, boav; 15:48 LT, bele; 15:18 LT, cuib) throughout
the afternoon, night, and pre‐dawn period.

In the recovery phase on 8 November, in all stations, VTEC exceeded RTEC by approximately 5 TECu at all
stations around 5 UT (01:00 LT, boav; 01:48 LT, bele; 01:18 LT, cuib; 02:06 LT, salu). Concurrently, an increase
in h’F was observed in Salu, although no data were available for hmF2 during this period.

On 13 November, the VTEC in bele exceeded RTEC from 0 UT (20:00 LT, boav; 20:48 LT, bele; 20:18 LT, cuib;
21:06 LT, salu) to 3 UT (23:00 LT, boav; 23:48 LT, bele; 23:18 LT, cuib; 00:06 LT, salu). Both h'F and foF2
presented values similar to the average. In boav and cuib VTEC values were below the reference. The cause of this
decline remains unclear based on our available data, warranting further investigation as our data do not show any
corresponding decreases.

3.2. Statistical Study of the Brazilian Low‐Latitude VTEC During CIR/HSS‐Driven Geomagnetic Storms
in 2016–2017

In this section, we present the results of a statistical study on the Brazilian low‐latitude ionospheric response to
moderate geomagnetic storms caused by HSSs and CIRs from 2016 to 2017. In our study, we employed two
statistical approaches. We have analyzed the maximum positive and negative variations in VTEC as a percentage
deviation from the mean of the five quietest days. Additionally, we investigated the maximum positive and
negative ∆VTEC compared to the mean of the five quietest days.

Figure 6 presents four histograms illustrating the main characteristics of the geomagnetic storms, including solar
wind velocity (Vswmax, km/s), the storm duration (∆ Storm, hours), the SymHmin (nT), and maximum AE
(AEmax, nT). Each histogram includes the occurrence of the measured values and the mean values indicated by a
red dashed line. The histogram for Vswmax shows values ranging from 400 to 800 km/s, with a mean of 684.2 km/
s. Most occurrences are concentrated around 700 km/s, accounting for 42.3% of the total. The ∆ Storm histogram
displays values from 25 to 275 hr, with an average of 144.7 hr (144.7/24 – 6 days). Most occurrences are
concentrated around 175 hr, accounting for 32% of the total. The SymHmin histogram ranges from − 120 to–60 nT,
with a mean of − 71.6 nT. Most occurrences are concentrated at − 60 nT, accounting for 61.5% of the total. The
AEmax histogram displays values from 700 to 2,500, with a mean of 1,576.5 nT. Most occurrences are
concentrated around 1,450 nT, accounting for 38% of the total. These features seem to agree with the ones ex-
pected for HSS and CIRs events, according to the literature (Alves et al., 2006; Richardson, 2013, 2018;
Richardson et al., 2006; Tsurutani et al., 2006).

Figure 7 displays six histograms representing the ionospheric storm delays (∆Td). The ionospheric storm delay
refers to the time interval between the onset of geomagnetic storms and the onset of the ionospheric variations
(ionospheric storms). Some studies have already discussed this feature (Balan & Rao, 1990; J. Liu et al., 2010;
Zhang et al., 2021). The positive storm, PS, where VTEC > RTEC, are represented in gray and the negative
storms, NS, where VTEC < RTEC, NS, in white. The red dashed lines represent the average, and the green dashed
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Figure 6. Histogram of maximum solar wind velocity in km/s (Vswmax); the duration of the storm, in hours (∆Storm); SymHmin, in nT and maximumAE, in nT (AEmax).
The dashed red line represents the mean values.

Figure 7. Histograms of ∆Td. In gray, are the positive ionospheric storms. In white, negative ionospheric storms. The red dashed line represents the mean and the green
ones the median.
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lines represent the median. We considered the onset of positive or negative storm when the positive or negative
δVTEC reaches 25% and then we calculated the time interval from the beginning of the geomagnetic storm. The
histogram ranges from 10 to 130 hr. The bin size of the histograms is 20 hr. From the figure, one can observe that
over boav, in 96% of the cases, the delay took 20 hr for the PS, and 76.9% of NS occurred within 20 hr. In bele,
88% of the delays for PS took 20 hr, and 56.5% of the occurrences for the NS took 20 hr. And in cuib, 96.2% and
65.4% of the occurrences took 20 hr for the PS and NS. The PS average delay took approximately 7 hr, while the
NS average was around 18 hr (red dashed vertical lines). The PS usually takes less time to occur after t0 compared
to the NS for all observed regions. This result is also available in S4 in the Supporting Information.

Figure 8 consists of four sets of six histograms labeled as (a), (b), (c), and (d). Each subplot displays the dis-
tribution of maximum and minimum ΔVTEC (a, b) and δVTEC (c, d) at three stations: boav (northern crest), bele
(equatorial region), and cuib (southern crest). The figures depict the data relative to local time (LT) (a, c) and
phases of the geomagnetic storm (b, d). Positive ionospheric storms (PS) ΔVTECmax are shaded in gray, while
negative ionospheric storms ΔVTECmin (NS) are shown in white. In Figure 8a, during the PS, significant counts
were observed at 15 LT (38.5%) in the northern crest (NC), at 21 LT (26.9%) in the equatorial region (Eq), and at
18 LT (46.2%) in the southern crest (SC). During the NS, for the NC, significant counts were noted at 15 LT
(46.2%), distributed thought the day but primarily at 9 LT (19.2%) and at 15 LT (19.2%) in the Eq, and at 15 LT
(30.8%) in the SC. Figure 8c shows δVTECmax during the PS (gray): significant counts occurred at 3 LT (30.8%)
in the NC, at 21 LT (57.7%) in the Eq, and at 3 LT (34.6%) in the SC. During the NS (white), the δVTECmin in the
NC exhibited most counts at 3 LT (34.6%), in the Eq at 21 LT (30.8%) and 15 LT (20.8%), and in the SC at 21 LT

Figure 8. Statistics of VTEC response to HSS/CIRs geomagnetic storms. Panels (a, b) are, respectively, the analysis of ∆VTEC of each storm by local time and phase of
the storm: 1–initial phase, 2–main phase and 3–recovery phase. Gray refers to positive ionospheric storm and white to negative ionospheric storm. Panels (c, d) are the
statistics for δ VTEC.
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(42.3%). These results indicate differences when analyzing the ∆VTEC and δVTEC variations both for PS and
NS. When analyzing the ∆VTEC, the positive storms occur more during daytime, from 15 to 18 LT in the crests.
Over the equatorial region, the intensifications occur more at nightime before midnight. For the NS, the highest
decreases in ∆VTEC occur during all day long, especially during daytime. When analyzing δVTEC, the
maximum intensifications occur during the nighttime in all stations after the Pre‐Reversal Enhancement (PRE).
The δVTEC depletions occurs mostly during nighttime either, except in the NC, that occurred during the day-
time too.

In panels (b and d), histograms depict the variations in ∆VTEC and δVTEC per storm phase, which are: 1–initial
phase, 2–main phase and 3–recovery phase. Like panels (a and c), the gray rectangles represent positive storms,
while the white rectangles represent negative storms. Notably, the most significant variations, whether measured
in TECu or percentage, occur during the recovery phase at all stations, in both PS and NS.

It is worth mentioning that the catalogs we have created to gather information on CIR/HSSs‐driven events
provides a comprehensive summary of the main characteristics of the observed geomagnetic storms. It includes
the interval, the duration and the onset and ending of main phase (t0 and SymHmin date and time), the duration of
the storm in hours, the Vswmax, the average solar flux, the maximum solar flux, the Bzmin, AEmax and Kpmax. We
also included a catalog for the delay, its date and time (in UT). Additionally, we also included the maximum and
minimum ∆VTEC (∆VTECmax and ∆VTECmin) and maximum and minimum δVTEC (δVTECmax and
δVTECmin) for the boav, bele and salu. The catalogs are in the as Table S3 (interplanetary), Table S4 (Td),
Table S5 (∆VTEC boav), Table S6 (∆VTEC bele), Table S7 (∆VTEC cuib), Table S8 (δVTEC boav), Table S9
(δVTEC bele) and Table S10 (δVTEC cuib).

4. Discussion
Intense and transient ICME‐driven storms, in general, have been extensively studied, while CIR/HSS‐driven
storms have received more attention since the advent of recent deep solar minima. This investigation shows that
CIR/HSS‐driven storms are typically weak to moderate, long‐duration disturbances and can affect the low‐
latitude ionosphere in several ways. Electric fields and auroral activity play a fundamental role on the low‐
latitude ionosphere, in the main phase, although it is observed that these effects are more pronounced during
the recovery phase. In this work, we performed a statistical analysis of CIR/HSSs‐driven storms and their in-
fluence on the low‐latitude ionosphere in Brazil during the descending phase of SC 24. We analyzed VTEC in
terms of ∆VTEC and δVTEC. This derived‐TEC parameter provides additional insights into storm time iono-
spheric variations, since δVTEC is more sensitive to variations after local midnight, when VTEC values are
significantly depleted (Immel & Mannucci, 2013). Our main findings are summarized as follows:

1. VTEC can be intensified (positive ionospheric storm) from the equator to low latitudes, over 100% compared
to the RTEC as shown in the tables on Table S8 (δVTEC boav), Table S9 (δVTEC bele) and Table S10
(δVTEC cuib).

2. δVTEC (%) intensifications occur more frequently around 21:00 LT over the Equatorial region and around
03:00 LT at the crests of the EIA.

3. The highest observed δVTECwas∼428% in cuib (south crest of EIA) in May 2016,∼231% in bele (equatorial
region) and ∼182% in boav (north crest of EIA), at nighttime.

4. ∆VTEC intensifications persist for several days during the recovery phase of storms, typically lasting around
144 hr (∼6 days).

5. ∆VTEC values exceeded 30 TECu at the crests of the EIA (shown in the Tables S5 and S7) and surpassed 20
TECu over the equatorial region (Table S6).

6. The daytime ∆VTEC can reach 26.5 TECu at the Northern crest of the EIA around 15:46 LT. Besides, over the
equatorial region, ∆VTEC it is ∼23.6 TECu around 16:53 LT. Finally, in the Southern crest, it observed the
highest ∆VTEC, at ∼ was 31.6 TECu around 19:13 LT (Tables S5–S7)

7. The nighttime intensifications were categorized in three types as pointed out in the Asian‐Australian sector by
Wang et al. (2022).

In the next sections we will discuss the most likely mechanism responsible for these daytime nighttime in-
tensifications. We considered daytime from 6 LT to 17:59 LT and nighttime from 18 LT to 05:59 LT.
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4.1. Daytime VTEC Variations

The statistical analysis and case studies present daytime variations in VTEC observed at three representative
regions (boav, bele, and salu) during the main and recovery phases of the storms. Daytime variations are believed
to be due to the combined effects of PPEF, solar ionization, auroral activity, neutral composition changes, and
disturbed meridional neutral winds during storm time (H. Liu et al., 2021; Venkatesh et al., 2015). TEC de-
pletions, shown by ∆VTEC, were observed predominantly during daytime, as shown in Figure 8a, which spans
the range of daytime depletions from 9 LT to 18 LT.

The highest daytime intensifications were observed in the afternoon, at ∼ 15:00 LT, at the crests of the EIA,
boav (northern crest), and cuib (southern crest), respectively, during the recovery phase of the storm, with
∆VTECmax > 23 TECu. On the other hand, over the equatorial region, bele, the highest daytime intensification
occurred in the pre‐sunset, ∼17:00 LT, with ∆VTECmax = 24 TECu.

The daytime intensifications occurring during the main phase of the storms are usually related to PPEF due to IMF
Bz in the CIR (Verkhoglyadova et al., 2011), as presented in Figure 5 (Case 3). During the storm time, a
southward turning of Bz initiates a substorm marked by AE activity intensification with a fast increase of high‐
latitude convection when the convection electric field, unshielded by the region 2 current, promptly penetrates to
equatorial latitudes as a dawn‐dusk electric field. This PPEF usually has eastward polarity on the day sector (Abdu
et al., 2013). This eastward electric field enhances the eastward electrojet (EEJ) with the enhanced Cowling
conductivity at the dip equator. These eastward PPEFs can intensify the zonal electric field (EF) Ey and the
vertical drift E x B, lifting the ionospheric plasma and enhancing the climatological fountain effect. With these
larger electric fields, the dayside equatorial plasma will be lifted to much higher altitudes and latitudes than
expected, leading to a positive ionospheric storm (Tsurutani et al., 2008).

Daytime VTEC intensifications were observed for many days during the recovery phase as shown in all case
studies. In the Study Cases 1 & 2, the most pronounced daytime intensifications occur on the first day of the
recovery phase, just after the SymHmin. These intensifications could be related to HILDCAA with extended
Alfvenic wave trains (Verkhoglyadova et al., 2011, 2013), shallow and fast southward excursions of Bz in the
HSS which could lead to intensification in VTEC by the PPEF mechanism, especially at low latitudes. In-
tensifications higher than 100% were also observed by Candido et al. (2018). They reported VTEC in-
tensifications of over 130% during the CIRs/HSSs interval in 2008, especially at the south crest of the EIA. They
attributed these intensifications to both meridional equatorward disturbed winds, which kept the F‐region in
higher altitudes, and to the continuous and oscillatory nature of Bz, interplanetary electric field (IEF), and AE,
which could provide conditions to reinforce equatorial E x B vertical drifts.

The VTEC depletions, seen as negative ∆VTECwere more pronounced during the daytime, in the recovery phase
of the storm, over the equatorial region at around 9 LT (morning) and 15 LT (afternoon), as well as around the
crests at 15 LT. These depletions are related to the effects of DDEF. Verkhoglyadova et al. (2013) also proposed
that DDEF explains the global thermospheric and ionospheric dynamics during long‐duration CIR/HSS intervals
by direct energy transfer into the high‐latitude ionosphere but takes several hours to a day to take place. This may
explain the delay of ∼7 hr for PS, and 18–22 hr for the NS, from the main phases onset time. Worth of noting is
that DDEF during the daytime leads to westward electric fields, and consequently the F‐region downward
movement, when recombination rate is higher.

Finally, percentage positive & negative, δVTEC, were not so significant during daytime for all the regions, as was
observed in Tables S8–S10. The most pronounced percentage deviations occurred at nighttime. However, it
should be addressed that at nighttime, instrumental and biases calculation limitation can account in the TEC
calculation leading to errors (Ma & Maruyama, 2002).

4.2. Nighttime Enhancements/Depletions

The F region electron density of the nighttime ionosphere is expected to decrease steadily during the nighttime
when the photoionization induced by solar radiation is absent, and the transport processes are assumed to be
ignorable in the classical photoionization theory (L. Liu et al., 2013). However, as seen by other authors (L. Liu
et al., 2013; Wang et al., 2022) and in Figures 3–5, this is not what happens during intense and moderate
geomagnetic storms. Other studies reported previously that F‐layer electron density does not decrease continu-
ously, but sometimes it may increase and lead to significant local peaks, forming nighttime enhancements (Le
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et al., 2014; L. Liu et al., 2013; Yadav et al., 2020). Most studies focused on Digisonde measurements and its
ionospheric parameters such as fof2, hmF2, and Hm.

Pre‐midnight VTEC intensifications in the low‐latitude and magnetic equator are related to PREs of the eastward
electric field and enhanced upward E x B drift, which raises the evening equatorial‐F region to higher altitudes
(Yadav et al., 2020). Post‐midnight VTEC intensifications, in turn, are usually caused by equatorward meridional
winds pushing the ionization around the EIA crest region toward the equator along the geomagnetic field lines and
by westward electric fields (Yadav et al., 2020). In addition to equatorward meridional winds, eastward DDEF
leads to upward drifts during nighttime. The DDEF could contribute to nighttime intensifications, especially near
sunrise (B. G. Fejer et al., 2008).

Our analysis reveals that intensifications occur principally around pre‐ and post‐midnight. ∆VTEC in-
tensifications, the highest nighttime intensifications are concentrated around the evening and pre‐midnight hours.
In the dip equator region, maximum intensifications typically occur from 18 LT to 24 LT, with a peak around 21
LT. Most southern crest intensifications occur between 18 LT and 21 LT, especially around 18 LT.

When analyzing δVTEC, the increases occur more frequently at night across all regions. In the equatorial region,
most intensifications happen around 21 LT, just before midnight, while in the EIA crests, intensifications are
notably higher around 3 LT. According to Immel and Mannucci (2013), during geomagnetic storms, the VTEC
enhancements occurring in the American sector are higher than in other sectors. They observed intensifications
from 14 LT to 24 LT much higher than in the noon sector. They attributed these intensifications to the redis-
tribution of thermospheric constituents and the downward transport of atomic oxygen near the equator since the
production of O+may immediately exceed quiet‐time levels with the arrival of daylight, particularly from 4 LT to
6 LT, close to the morning terminator.

The nighttime enhancements are in agreement with those observed by Wang et al. (2022), and are classified into
three types based on morphology of EIA:

Type 1: A typical EIA structure with two crests around 15°N and 15°S. Unlike the usual behavior, these crests
persist throughout the night, gradually closing toward the equator until disappearing around 0 LT.

Type 2: A typical EIA structure either, with crests at 15°N and 15°S, dissipating after sunset with a subsequent
increasing in TEC over the equatorial region, as if the plasma is contracting at the magnetic equator. After, this
intensification extends to latitudes off‐equator, although with weaker intensity.

Type 3: A single prominent crest (northern or southern) until sunset. The TEC then decreases until a surge occurs
around 21 LT, initially noticeable in the counter crest. This increase then spreads to the equatorial region and to
the other crest, lasting until around 2 LT.

Type 1 Intensifications:
Case 1 (6–7 May 2016): Nighttime enhancements in VTEC were observed at the three regions (crests and
equatorial region). These enhancements reached peaks up to 13.5 TECu in the southern crest on 6 May at 19 LT
and continued through the night. This continuation of EIA from daytime into nighttime was associated with a
weak storm recovery phase (SymHmin > − 50 nT) and supported by Digisonde data indicating elevated h’F and
hmF2. The phenomena were linked to eastward undershielding PPEF and auroral heating. These findings are in
agreement with J. Liu et al. (2012) and Chingarandi et al. (2023) who observed TEC variations from 15 to 23
TECu in the low latitude ionosphere during a moderate and a minor CIR/HSS‐storm, respectively.

Case 2 (1–2 April): VTEC was intensified from daytime through the night across the three regions. However,
intensifications on the crests ceased before local midnight. Unfortunately, for this particular case, no Digisonde
data were available. The source of these enhancements remains unclear due to the absence of significant
geomagnetic disturbances and will be investigate in future work.

Type 2 Intensifications:
Case 1 (7–8 May): During the main phase, new enhancements appeared in the equatorial region and extended to
the EIA crests after sunset. Peak VTEC values reached 15 TECu post‐midnight at. The h’F and hmF2 showed
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increases, but model analyses suggested no significant contributions from PPEF or DDEF on this day. Disturbed
meridional winds can be a candidate driver of this enhancements.

Case 3 (11–12 November): A type 2 enhancement occurred after the EIA crests diminished below average
daytime values. Intensification was observed in the equatorial region due to westward electric fields.

Type 3 Intensifications:
Case 2 (28–29 March): Initial nighttime enhancement occurred in the southern EIA crest on 28 March 19:48 LT,
with ∆VTEC = ∼15 TECu. A similar peak is observed at the northern crest is observed later, on 28 March at
23:53 LT, ∆VTEC= 13 TECu. The enhancement pattern was observed first in the southern crest, followed by the
northern crest, indicating a continuation of the EIA during nighttime. The effects of continuous PPEF and DDEF
could not be distinctly separated due to the southward Bz component during the recovery phase.

Case 3 (10 November): This enhancement type progressed from the northern crest through the equatorial region to
the southern crest, following daytime enhancements. Peak enhancements were 11.4 TECu at boav and 6 TECu at
both bele and cuib. The intensification lasted thought the whole night. A decrease of 20 km in h’F indicated this
type of enhancement, attributed to the combined effects of PPEF and neutral winds.

Type 1 and Type 2 Combined Intensifications:
Case 3 (7–8 November): During the storm's main phase, enhancements were observed simultaneously at all
stations. Peak VTEC values reached 10.8 TECu at the northern crest and 13 TECu in the equatorial region. These
enhancements were attributed to the combined effect of upward drift caused by eastward PPEF around dusk and
neutral winds. Similar intensifications occurred during the following nights, showing a decrease in h’F followed
by a late minor increase, until 6 UT.

5. Summary and Final Considerations
In this work, we present, for the first time, a comprehensive statistical analysis of the influence of moderate and
intense geomagnetic storms caused by HSSs, and correlated structures, such as CIRs, on the Brazilian low‐
latitude ionosphere for the declining phase of SC 24 (years 2016–2017). Our main findings are summarized as
follows:

1. From 2016 to 2017 there were 26 geomagnetic storms caused by CIRs/HSSs, of which 23 were moderate and 3
were intense.

2. The storms, on average, lasted 144 hr (6 days), with Vswmax–680 km/s, SymHmin–70 nT, AEmax ∼. In few
events, there were sequences of storms associated with sequential coronal holes.

3. The VTEC changes, represented by the ∆VTEC and δVTEC, were highly variable at the equatorial region,
around the northern and southern crests of EIA, during the disturbed intervals.

4. The VTEC presented intensifications with respect to the RTEC up to 30 TECu, and significant depletions
which were up to 20 TECu.

5. Daytime intensifications occurred during both main and recovery phases of the geomagnetic storm.
6. The intensifications are observed for several days during the recovery of the storms.
7. The case studies presented three types of nighttime enhancement in the equatorial and low‐latitude region in

Brazil, like the intensifications observed in the Asian‐Australian sector by Wang et al., 2022.
8. The delay between the start of the main phase of the storm and the positive variations, in average, was ∼7 hr.

And with the negative variations ∼20 hr.

For the first time, catalogs summarizing interplanetary conditions and key VTEC variations during CIR/HSS‐
driven geomagnetic storms in the descending phase of Solar Cycle 24 have been compiled for the Brazilian
longitudinal sector. It's important to note that, while this work focuses on CIRs/HSSs geomagnetic storms, a few
ICME‐driven storms also occurred but are not detailed in this study. Future research will include ICME‐driven
storms in the statistics and create detailed maps to better visualize the three types of nighttime enhancements. This
work enhances our understanding of the low‐latitude ionosphere and space weather during the declining phase of
solar activity.
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Data Availability Statement
The catalog and images of coronal holes, used to detect High‐Speed Streams, can be accessed at Alvestad (2020).
Additional coronal hole images were consulted on the archive information hosted by the Gallagher et al. (2020).
The CH segmentation/detection was achieved using themethods described in Garton et al. (2018). TheOMNI data
were obtained from the GSFC/SPDF OMNIWeb interface at https://omniweb.gsfc.nasa.gov. Papitashvili &
King, 2020a, 2020b. TheRINEXused forGNSS‐TEC calculation are provided by InstitutoBrasileiro deGeografia
e Estatística (2020). The software used calculate the VTEC using the observables is Seemala (2020). Copyright ©
2020 Gopi Seemala. All rights reserved. The thermospheric O/N2 data is public available and provided by Pax-
ton (2020). The drifts calculated using magnetometer data were provided by Yizengaw et al. (2020). The drift
model is in IRI model (Bilitza, 2018) and the code can be accessed at Fejer and Scherliess (1997b), Fejer and
Scherliess (1997a). The five quietest days are sourced by the World Data Center for Geomagnetism, Kyoto.
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